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PREFACE 


The manuscript of this book was forwarded to the publishers on 
New Year's Day 1946, which proved to be most unfortunate timing. 
Within a few weeks from this date the investigations that had been 
kept secret or had been published in books and journals inaccessible 
during the war began to flow freely in ever-increasing numbers. They 
partly corroborated my earlier judgments and partly corrected them, 
or provided completely new facts and viewpoints. It must have been 
as trying for the patience of the publishers as it was exciting and even 
tantalizing for the author, when one section after the other, especially 
in the second part of the book, had to be revised or even rewritten. 

The manuscript that was finished in December, 1945, was already 
based on an earlier one whose intended publication in England had 
been prevented by the outbreak of the war. This genesis and stepwise 
growth may be recognizable in the present form of the book but, as 
I hope, not entirely to its disadvantage. It is probable that, if one were 
to start today to compile the material for a treatise on fluorescence 
and phosphorescence, one would be tempted to put much more 
emphasis on the latest developments, especially in the field of crystal 
phosphors, and to neglect not only the chapters dealing with the 
luminescence of gases and vapois but also the earlier work on the 
crystal phosphors themselves. It is curious to see how inclined one is 
to assume that research did not begin much before 1936; and the 
programs of three major congresses show in a very striking way to 
what extent the general interest has been shifted since 1936 from one 
end of the field to the other. In the reports of the first international 
luminescence congress held in Warsaw in 1936, papers on the fluo- 
rescence of vapors and gases still take more than fifty per cent of the 
space, and most of the other papers treated the luminescence of organic 
compounds. In the luminescence discussion of the Faraday Society at 
Oxford in 1938, the luminescence of solids takes about three times 
more space than the luminescence of liquids and vapors combined; 
and in the volume in which the papers presented at the meeting in 
Ithaca in October, 1946, are collected (it bears the title Luminescence 
of Solids), gases and vapors do not occur at all and the so-called 
organ ophosphors are mentioned in a single discussion remark. 
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This trend is due, of course, to the growing importance crystal 
phosphors have attained in numerous technical applications, whereas 
on the other hand the fluorescence of gases, which contributed so much 
to the earlier development of the theory of atomic and molecular 
spectia, has become almost a closed chapter of classical optics. The 
intention in writing this book has been to give, for the first time in 
more than twenty years, a complete survey of the field of photo- 
luminescence. All types of practical applications have been left aside, 
since recent publications dealing with the various fields of this kind 
are available in sufficient numbers. Notwithstanding the fact that 
its title might suggest a more general content, the subject of the book 
has been restricted to photoluminescence. Luminescence excited by 
other means has not been included, although the luminescence excited 
by electrically charged particles at least is highly interesting and 
important. The main reason for this exclusion was the desire not to 
make the book too voluminous. But it cannot be denied that the 
principal importance of electroluminescence lies in its manifold tech- 
nical applications and that the investigation of these phenomena up 
to now has contributed far less to the theoretical understanding of 
the processes occurring in luminescence than has the study of photo- 
luminescence. 

As pointed out above, I tried during the period in which the book 
was edited and printed to take care as far as possible of newly pub- 
lished papers and also of the earlier publications that had previously 
escaped my attention This was possible, of course, only within 
certain limits. Although Solid Luminescent Materials, edited by Fonda 
and Seitz, appeared in IQ48, I was able to make use of some of the 
papers contained in the volume because I had been present ^t the 
meeting at Ithaca. On the other hand, Kroeger's exceedingly interest- 
ing volume, Some Aspects of the Luminescence of Solids, came too late 
and only insofar as its content had been published previously in 
various journals could some of his numerous new data be inserted. 

However, as may be seen from the great number of references 
with a, b, c, etc. in the bibliography, the latter lists every paper about 
photoluminescence of which I became aware up to May, 1948, again 
disregarding all papers dealing exclusively with technical applications. 
It is probable that, although containing well over two thousand 
items, the bibliography is not free of omissions, even for the years 
preceding the war, for the list of references that I kept continuously 
from 1908 on was not at my disposal and I had to start the collection 
all over again. 
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I have already mentioned that the publishers — the president 
and vice president of Inter science Publishers, Inc., as well as their 
whole staff — were exceedingly patient and helpful in the production 
of the book, and I want once more to thank them for their kindness. 
I want moreover to thank those of my colleagues who assisted me in 
various ways : my old friend J. Franck, with whom I discussed many 
a problem; S. Simon, who kindly corrected the galleys; F. Urbach, 
who not only read the page proofs but also suggested several impor- 
tant improvements, especially in the chapter on crystal phosphors 
for which he is one of the best authorities; Miss M. M. Tippet, who 
helped in correlating the bibliography; J. Biegeleisen, who was the 
first to draw my attention to the recently declassified report on the 
uranyl spectra and thus made it possible to bring this very important 
chapter up to date; and many others who helped me by putting at 
my disposal original photographs and sending me reprints of their 
papers. 


Chicago, December ig 48 


Peter Pringsheim 
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INTRODUCTION 


A. General Theory 


1. Postulates of Bohr’s Quantum Theory. By absorption of light 
the energy of the absorbing system is increased. According to the laws 
of thermodynamics the inverse process, emission of energy in the 
form of radiation, must be possible. This inverse process must occur, if 
no other way of returning the system to its initial state of lower 
energy is available. Light emission excited by light absorption is called 
photoluminescencc. For a long time photoluminesccnce was supposed 
to be an exceptional phenomenon characteristic of relatively few 
substances. The real problem is, however, to understand why so many 
substances are not photoluminescent. 

Bohr’s theory, first developed for interpretation of the spectra of 
the H atom and later adapted to more and more complicated systems, 
postulates that energy can be taken up by such a system only in 
certain definite steps; the system is stable only in discrete, more or less 
sharply defined energy levels. The lowest of these levels is the ground 
level or the ground state of the system. For all atoms and for many 
diatomic molecules the energy levels are perfectly known. For poly- 
atomic molecules and for still more complicated systems like crystals, 
knowledge of the energy levels is still far from complete. Even for 
these systems however, the assumption of the existence of such energy 
levels has proved itself very fertile in developing an understanding of 
all processes connected with light absorption and light emission. 

Only if the energy absorbed by a molecule is so large that one 
part of the system is completely separated from the remainder, as in 
a process of ionization or dissociation, can the separating particles 
take up undetermined amounts of kinetic energy, so that no discrete 
energy levels exist for the system as a whole. 

In quantum mechanics a system in a given state is characterized 
by a “wave function” tp which is the product of the wave functions tpi 
of all individual particles composing the system. These functions ipi 
determine the probability with which a particle is found at a point 
in space. 

Apart from the introduction of discrete energy levels, Bohr’s 
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theory postulated the following relation for a transition between two 
levels N and F with the energies and Ep : 

'^FN — ^/h-{Ep — Epf) ( 1 ) 

h being Planck’s constant = 6.63* 10~27erg sec and vppf the frequency 
of the radiation which is emitted or absorbed by the transition. 

In general, the wave number v \jX is used instead of the fre- 
quency V, which has the dimemsion of sec~^. v is measured in cm and 
is related to the frequency by the equation v — vjc. Hence a “term” 
P, which is characterized by its wave number v, has the energy vhc, 
but for the sake of brevity energies are frequently expressed in cm~h 
On the other hand, it is customary to measure energies in electron 
volts (cV), one electron volt being the energy which an electron 
acquires under the acceleration produced by a potential difference of 
one volt. 

1 eV ^ 8.11-10^ cm~^ ^ 1.59- 10“^^ ergs 23 kcal/mole 

2. Energy Levels. In the diagram of Figure 1 several energy levels 
of an atom or a more complicated s^^stem are represented b}^ horizontal 
lines. The vertical distance between two of these lines is proportional 

to the corresponding difference in 
energy ; the level N represents the 
ground state. By absorption of 
light of frequency vp^ the atom is 
raised to the level F and if no other 
energy levels exist between N and 
F, the atom can return to A^only 
by re-emission of light of the same 
frequency v^Tp\ theoretically this 
is the simplest case of photo- 
luminescence; it is called “reso- 
nance radiation.” In the diagram 
of Figure 1 , however, several levels 
C,D . . . are located between N and 
F, Under these conditions other 
transitions from F to C, D ... can 
occur, resulting in the emission of spectral lines of frequency vpQ, 
vpj) . . . These frequencies are smaller than vpip. The law according to 
which the wavelength of fluorescence is always greater than, or in the 
limiting case equal to, the wavelength of the exciting light was first 
found empirically by Stokes (l5^5) ; the quantum theoretical expla- 
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Fig. 1. Energy level diagram for 
the repre.sentation of fluorescence 
and phosphorescence. 

1 : resonance radiation. 

2: phosphorescence. 

3 : fluorescence. 

4 and 5 : anti -Stokes fluorescence. 
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nation was given by Einstein more than fifty years later [ 344 ). Small 
deviations from Stokes’ laware possible if other energy levels N' or F' 
are located immediately above N or F respectively, so that the system 
can be raised by transfer of thermal energy either into N' before the 
exciting light is absorbed, or into F' during the lifetime of the system 
in the excited state F. Under these conditions the frequency of the 
exciting light vjr^. is smaller than -the frequency of the fluorescence 
or the frequency of the absorbed light vppj is smaller than the 
frequency of the fluorescence \ anti-Stokes fluorescence. 

Such deviations from Stokes’ law, by which additional energy is 
supplied by a body of low temperature to the radiation from a source 
of much higher temperature, of course in no way invalidates the second 
law of thermodynamics, as was suggested erroneously by Lenard 
{1284,12(33}) jy 26 jy62bjy62e). 

3. Duration of the Luminescence Process. In the classical Lorentz- 
Drude theory the emission of monochromatic light by an atom or 
molecule originates from the oscillation of an electron which is bound 
to its position of equilibrium by a quasi-elastic force. The decrease in 
energy of the oscillating electric dipole which is caused by the emission 
of radiation, and the corresponding decrease in intensity of the radi- 
ation itself, follow an exponential law. The average duration of the 
emission, or the time after wliich the intensity has dropped from its 
initial value /q to (1 is: 


T 




with li 



( 2 ) 


For visible light, with v 5- lO^^sec”^, r is of the order of 10“*® sec. 

In the absence of all external perturbations the lifetime of an 
excited state is determined, according to quantum theory, by the total 
probability of all possible transitions to lower energy levels. These 
transition probabilities App can be calculated if the wave functions ifj' 
and 0" of the combining levels Ep and Ep are known : 

‘^FK = \ f rdv 


The lifetime of a molecule in the excited state F is then ; 

1 

^ "" EApp (2a) 

K 


As in radioactive decay, the number of transitions per unit of time 
is at every instant proportional to the number of excited molecules and 
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thus the decay of the luminescence intensity again follows an ex- 
ponential law, exactly as in the older theory. 

The transition probabilities between various levels of one and the 
same molecule are of widely different magnitudes. \Vliilc the Lorentz- 
Drude theory dealt only with electric dipole radiation, with a mean 
lifetime depending exclasively on the frequency of the oscillator, much 
weaker radiation of much longer duration can also be explained on the 
ground of classical electrodynamics by assuming electric quadrupoles 
or multipoles or magnetic dipoles or multipoles as sources of radiation, 
'riie emission by an electric quadrupolc or a magnetic dipole lasts 
about 10® times longer than that of an electric dipole. In the quantum- 
mechanical models, however, an electric dipolp can have a much 
smaller moment than the oscillating electron of the Lorentz theory and 
thus the decay of its radiation also can be much slower. Several 
experimental methods have been found which allow a discrimination 
between the radiation of electric and magnetic dipoles and multipoles 
{280a, 435 J4giJ4g2jy6ia). 

Transitions which have a very small probability because they 
correspond to the radiation of an electric dipole of small moment or 
of an electric multipole or a magnetic pole are called “forbidden” and 
the corresponding spectral lines are “forbidden lines.” If no “allowed 
transition” from an excited state M to any lower energy level exists, 
the system, once brought into this state, must remain in it for a 
relatively long period. Such states are termed “metastable.” If the 
system is absolutely unperturbed (as, for instance, in the highly rare- 
fied atmospheres of stellar nebulas) light emission nevertheless occurs, 
but with very small intensity and slow decay. On the other hand, the 
transition from the ground state to the state M is also forbidden and 
the corresponding absorjotion line, if at all observable, is very weak. 
However, M can be reached indirectly ; in the level scheme of Figure 1, 
this can occur by absorption of the line corresponding to the transition 

N* and by the subsequent transition F -> Af . If M is separated 
by only a small amount of energy from F and if the excited system is 
in thermal equihbrium with the surrounding molecules a sufficient 
amount of energy can be provided to the system so that it can return 
to F. From there the emission of the lines corresponding to the tran- 
sitions F->N, F ->C, etc., may again take place. A photoluminescence 

• The symbol for the higher level always precedes the symbol for the lower 
level; the. direction of the transition is indicated by the arrow. This principle, 
which is generally used for the description of the spectra of diatomic molecules, 
is applied here similarly to the representation of atomic spectra. 
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process of this type, involving the passage through a metastable level, 
is called phosphorescence. 

In the older literature fluorescence and phosphorescence were 
distinguished only by the criterion of an observable afterglow: if the 
luminescence did not last longer than the irradiation, it was called 
fluorescence; if it was visible for an appreciable length of time after 
the end of the excitation, it was called phosphorescence. Modem 
experimental technique however, permits the measurement of the 
finite duration of any emission process, even if it is as short as 10~® 
sec, and, on the other hand, the spontaneous transition probabilities, 
even in atomic processes, correspond to lifetimes which vary continu- 
ously from 10“ ® sec to several seconds. Tlicrefore, it is no longer 
possible to define some arbitrary duration of the emission process as 
the boundary between fluorescence and phosphorescence. (For a more 
complete definition of fluorescence and phosphorescence, see chapter IV.) 

While, according to the definition given above, fluorescence and 
phosphorescence are first-order processes and follow exponential laws 
of decay, another kindof luminescence isa typical bimolecular reaction. 
If an electron is completely separated from its molecule by photo- 
electric ionization and if its recombination with any other ion produces 
the emission of light, the process is of the second order and decays, 
therefore, according to a hyperbolical law. Luminescence caused by 
recombination is observed in electrical discharge through gases or 
metal vapors under especially favorable conditions. These cannot be 
achieved in the case of excitation by light absorption. However, a 
phenomenon of the same kind occurs in certain phosphorescent 
crystals; it will be called ‘‘recombination afterglow” in the following 
treatment. 

4, Effects of Perturbations, An excited system can be transferred 
to neighboring energy levels by outside perturbations, for instance by 
collisions or other interactions with surrounding molecules, and from 
these new levels transitions occur which produce emission lines not 
contained in the primary fluorescence spectrum. Furthermore, such 
perturbations may cause a momentary displacement of an energy level 
and if these displacements fluctuate with time and in space, broad and 
diffuse bands appear instead of sharp lines in the absorption and 
fluorescence spectra. This is true in particular for all condensed systems 
which are capable of luminescence (with the exception of certain 
crystals, especially at low temperatures). Under such conditions the 
peak of the emission band must be shifted with respect to the peak of 
the corresponding absorption band in the direction of greater 
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wavelengths. This consequence of Stokes’ law will be dealt with in 
more detail in a later chapter. 

If the whole energy of excited molecules can be lost as the result 
of collisions or other perturbations, the mean life of all excited mole- 
cules is shortened and the fluorescence yield is decreased. 

The quantum yield of fluorescence is : 

Q - II A (3) 

where the fluorescence intensity / and the radiant energy A absorbed 
per unit time are measured by the number of light quanta contained 
in the emitted and absorbed radiation. In the case of resonance 
radiation, the quantum yield Q can be replaced by the “energy 
yield” (/ and A being given in ergs or calories), since in this case 
Q ii0 (compare Section 10v5). [In general (namely in the case of 
Stokes fluorescence), the energy yield is smaller than the quantum 
yield, while in the case of anti-Stokes fluorescence 0 is slightly larger 
than Q.] 

If no perturbations occur, the fluorescence intensity Iq is equal to 
A when equilibrium is reached during the irradiation, and Q — L 
Under these conditions, the spontaneous transition probability ao 
alone determines the lifetime tq, and the number^^oof excited molecules 
in equilibrium is given by the equation : 

A ^ Iq --- aoi?o — nQ/TQwith Tq -- l/aj, and Hq — A/qq (1) 

If the excitation energy can be lost by a second comjxiting process 
with a probability a^. Equation (4) is replaced by: 

Ai = (ao + ad where Tj == l/(ao + ad and — AJ(aQ -\~ cij) (5) 

Wj is smaller than fiQ. Supposing that the absorbing power of the 
molecules is not altered by the perturbations {Ai Aq ^ Iq), the 
fluorescence intensity becomes: 


1 1 ao^i nJxQ = Iq/{\ + ajTo) 


and the yield: 

The “quenching constant’' is: 


Qi = hi A == aQnJaQfiQ = tJtq 

(?]) 

01 


( 6 ) 

(7) 

(7a) 


In the same way the yield is reduced by another perturbation with 
the probability a 2 to: 

02 = '^' 2/^0 where = l/(ao -f a^) (7b) 

Hence the general relation : 


01 * 02 — ‘*'1 • “^2 


(S) 
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The fluorescence yield of a given system is directly proportional to the 
actual lifetime of the excited state ( 1221 , 

If several processes compete simultaneously with the radiating 
transition and if their probabilities are ag . . . a„, the lifetime of the 
excited state becomes; 

1 

r=r 

^0 "b ^1 "b ^2 . . . CLfi 

and the intensity of the luminescence ; 

j A _ __ ^ 

” 1 -i- To(ai -h Qg 4- . • . <h^) 1 'b 'fi(«2 H~ ^3 b 

1 f- T„_ia„ 

According to the classical theory, the width of a spectral line is 
proportional to the damping coefficient or inversely proportional to the 
mean life of tlie excited state. Qualitatively the same law holds in 
quantum theory. All perturbations by which the fluorescence is 
quenched increase the width of the corresponding emission line. The 
latter is determined, however, not only by the action of the pertur- 
bation on the excited state from which the emission process originates, 
but also by the action on the final state to which the system is 
transferred. 

5. Coherence of the Secondary Radiation. I'he only photolumi- 
nescence process for wiiich the classical wave theory of light could 
account without the introduction of rather artificial hypotheses was 
the excitation of resonance radiation. Existence of this phenomenon 
had been predicted on theoretical grounds by Lord Rayleigh long 
before its discovery by R. W. Wood. Resonance radiation was under- 
stood as special ca.se of light scattering in which the scattering 
resonators were exactly in tune with the frequency of the primary 
radiation. 

According to the original quantum theory only the average 
lifetime t of an excited state could be determined, while for the indi- 
vidual molecule the time elapsing between the absorption and the 
re-emission of light obeyed the laws of statistics. Hence it seemed 
impossible that a definite phase relation could exist between the 
wave trains of the primary and the secondary light. Resonance 
radiation was considered to be incoherent. On the other hand Rayleigh 
scattering, which was known to be coherent, was ascribed to forced 
vibrations of ‘Virtual oscillators” within the molecules. There was no 
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connection between the two phenomena. It was even assumed, for a 
time, that for radiation in resonance with the characteristic frequenc}^ 
of the scattering oscillators both processes might occur simultaneously 
and that it might be possible to separate them experimentally (e.g., 
by observing a different decay period for either of them) {i2g). 

In the quantum-mechanical treatment, however, the electro- 
magnetic field produced by the interaction of the primary radiation 
and the virtual oscillators of a molecule is exactly the same as that of 
the classical wave theory, and thus the steady transition from 
Rayleigh scattering to resonance radiation is restored. If various 
energy levels C, Z) . . . exist in the molecule between the ground state 
N and the le\^el F to which the molecule is raised by the absorption of 
the primary light, the resulting electromagnetic field surrounding 
the excited molecule is the same as if it contained a number of 
vibrating oscillators of frequenc}^ ... in addition to the 

absorbing oscillator of frequency The “strength” of each 

oscillator is proportional to one of the transition probabilities F C, 
F D . . , F N. All phenomena related to the wave nature of the 
secondary radiation (coherence, interference, polarization) are to be 
derived from this model. However, the energy of the radiation is no 
longer spread continuously over the whole wave field and proportional 
everywhere to the square of the wave amplitude. The square of the 
amplitude determines only the probability for a photon of the corre- 
sponding frequency to be found at a given instant at a particular point. 
The absorption and emission of radiant energy occurs exactly as in 
Bohr’s original theory, in quanta within practically infinitely short 
periods of time [1813). 

Insofar as the problem of coherence is determined by the phase 
relation between primary and secondary radiation, only Rayleigh 
scattering and resonance radiation can be considered (1529). The 
existence of such coherence is not revealed by any experimental facts. 
Resonance radiation is observed exclusively in gases and vapors at 
low pressures. Under these conditions the coherence of the “classical” 
Rayleigh scattering with the primary radiation cannot be proved 
either, because of the random distribution of the molecules in a 
perfect gas. 

If the fluorescence spectrum of a monatomic gas contains lines 
of wavelengths different from that of the exciting light, a constant 
phase relation between the waves of the primary and the secondary 
radiation is out of the question. However, a constant phase relation 
might still exist between the secondary wave trains originating at 
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different atoms ; this kind of coherence coiiJd again only be observed 
by the angular distribution of the fluorescence intensity if the fluo- 
rescing atoms were fixed in space in a regular lattice. 

Every kind of coherence between the radiation coming from 
different molecules must disappear in the fluorescence of molecules in 
which nuclear vibrations and rotations occur simultaneously with the 
electronic transition and independently in each individual molecule. 
The same is true if the molecules undergo external perturbations 
during their lifetime in the excited state. This is the case for the 
fluorescence of all liquids and solids. On the other hand, it has been 
proved by wide-angle interference experiments that the radiation 
emanating in different directions from an individual molecule of a 
liquid solution is coherent, exactly as the radiation emitted by a dipole 
as a spherical wave is coherent in itself according to the classical wave 
theory (435,148^-14^2,1817). 

6, Comparison with Other Excitation Processes. The radiation 
emitted by an atom or a molecule depends only on its state of excitation 
and on the probabilities of transitions from this state to those of lower 
energy. It does not depend on the mode of excitation by which the 
system has been brought into the excited state. In this sense there is 
no difference between fluorescence and any other kind of light 
emission by the same atoms or molecules caused by collisions with 
electrons, by chemical procesvses, or by thermal agitation. The charac- 
teristic properties of a spectral line or a band (for instance, the 
dependence on temperature and pressure or the sensitivity to magnetic 
and electric fields) must be the same in every case. 

A system emitting luminescence is not, however, in a state of 
thermal equilibrium; some of its molecules contain a much higher 
electronic energy than that corresponding to the actual temperature 
of the system and this. is the essential feature of every luminescence 
process. It follows that the “excited” molecules can lose their excessive 
energy by collisions with other molecules : luminescence, for instance 
the photoluminescence of iodine vapor, can be suppressed or 
“quenclied” by the addition of relatively small quantities of oxygen. 
If the same quantity of oxygen is added to iodine vapor heated in a 
quartz tube to a temperature of 1000° C at which it emits its charac- 
teristic bands as temperature radiation according to Kirchhoff’s law, 
no appreciable change in the emission occurs, be6ause now, in thermal 
equilibrium, the quenching collisions must be compensated by an 
equal number of exciting collisions (1284). 

Photoluminescence is distinguished furthermore by an almost 
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complete control of the excitation process, since, among all atoms or 
molecules which are present, only those in a well-defined initial state 
are transferred into an equally defined excited state by the absorption 
of light of a given frequency. The complete spectrum of all atoms and 
molecules, modified within certain limits by the temperature, is 
emitted by a flame or an arc. By means of electron collisions in a gas at 
low pressure it is possible to exclude from the spectrum all lines which 
require an excitation energy surpassing the energy of the electrons 
under the applied voltage, but all levels lying below this energy arc 
excited simultaneously. Besides, the accuracy of the method is not 
great enough to differentiate between the excitation of closely adjacent 
lines. On the other hand, the possibility of separately exciting neigh- 
boring energy states of a molecule by the absorption of monochro- 
matic light is limited only by the degree to which the primary light 
can be made monochromatic. Even the state of polarization which is 
characteristic for a certain transition can be determined i)y this 
method of excitation ; thus it becomes possible to ascertain the existence 
of the various Zeeman levels in very weak magnetic fields which are 
separated by such small intervals that they cannot be distinguished 
by other spectroscopic methods. 

The same is still true, although to a smaller degree, for condensed 
systems; there, also, a much finer differentiation is obtained in the 
excitation of individual emission processes by light absorption than 
by any other mode of excitation. 


B. Experimental Technique 

7, Phosphoroscopes and Fluorometers. The experimental methods 
applied to the investigation of photoluminescence are, in general, very 
simple. The most important types of apparatus which have been 
especially designed for this purpose are the phosphoroscopes and 
fluorometers. These serve for measuring the duration of short or 
almost instantaneously decaying emission processes. All of these 
instruments are based on the principle of permitting the observation of 
the luminescence a short, and if desired, a variable time after the end 
of the excitation period. 

The first phosphoroscope was invented by E. Becquerel {A,y8); 
in a “Becquerel phosphoroscope” the luminescent substance is placed 
between two discs M and N (Figure 2), which are mounted on a 
common axis and have sector-shaped apertures A and D shifted with 
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respect to each other by an angle (p. The exciting light enters the 
phosphoroscope by the apertures in one of the discs and the lumi- 
nescence light reaches the eye of the observ^er through the apertures 
in the other disc. The time interval between excitation and obser- 
vation and the duration of the excitation itself can be varied within 
certain limits by altering the speed of rotation of the discs, the angle 
of aperture S of the sectors (which in the original apparatus was 
identical in the two discs), and the angle q) separating the sectors A 
from the sectors D. It is plausible that witli decreasing “lifetime” the 



N 


speed of rotation must be increased or the angle (p decreased in order 
to observe the afterglow, h'or quantitative observations the intensity 
of the luminescence must be measured by means of a photometer. 
Fur a correct interpretation of these observations, however, it is not 
sufficient to plot the measured intensities I as a function of the 
average time elapsed between excitation and observation, for instance 
as a function of the speed of rotation of the discs. The formula derived 
by Becquerel under this assumption was : 



‘ 1 ^ 2 

2>?(log - log /g) 


Ty^ and 2\ are the durations of a revolution of the discs at two different 
frequencies, and /g the corresponding intensities of luminescence, and 
n the number of sectors in one of the discs. Equation (1 1) yields values 
of T which in some cases are more than twice as large as the true values. 
The equation does not take into account the fact (1) that the apertures 
A and D open and close only gradually, (2) that a luminescence with a 
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finite decay period has also a finite period of growth, and ( 3 ) that the 
emission of light observed during each passage of a sector D is caused 
not only by irradiation in the last preceding period of excitation but 
possibly by that in many previous periods. Delorme and Perrin have 
published a method which permits an exact determination of r from 
the data obtained with a Becquerel phosphoroscope ; it necessitates a 
rather inconvenient graphical approximation of a theoretical curve to 
the curve which has been obtained experimentally. However the 
different corrections are made very nearly negligible by the intro- 
duction of some modifications in the original instrument : each disc has 
only one aperture, the aperture D for the observation of the lumin- 
escence being a narrow slit and the aperture A for the excitation a 
much larger one ; the two apertures and the speed of rotation are kept 
constant during a whole set of observations and only the angle <p 
between A and D is varied (272). 

It will be discussed later that a luminescence process which has 
a certain decay period r has also a corresponding period of growth or 
“induction”. In general this induction period will not have reached its 
end at the end of an illumination period t^An a phosphoroscope. If the 
luminescence decays exponentially and if a stationary state is attained 
after a certain number of revolutions, the peak intensity of lumines- 
cence reached at the end of each illumination period is : 


In this equation Iq is the luminescence intensity obtained under 
continuous illumination, ^ ^2 is the time of one revolution of 

the phosphoroscope, the duration of each illumination period, and 
^2 the corresponding dark period, r is the mean decay time of the 
luminescence. approaches Iq the more, the larger and the smaller 
t is compared with r. 

By means of a Becquerel phosphoroscope mean lifetimes as short 
as 10 “^ sec can be determined. The instrument can be used, however, 
only if the luminescent substance is transparent to some degree for 
either the exciting or the secondary radiation. If this is not the case, 
the apparatus must be altered so that the phosphor is excited and 
observ^ed from the same side. This can be accomplished by fastening the 
phosphor to a cylinder rotating within a coaxial tube; the exciting 
light is admitted through a slit on one side of the tube and the lumi- 
nescence observed through a slit on the opposite side. Lenard has 
devised an apparatus in which a fast-moving diaphragm periodically 
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screens the phosphor from the observer and simultaneously actuates 
a spark discharge exciting the luminescence (.Y). Instill another setup, 
a pinpoint image of the primary light source is thrown on the phosphor 
which uniformly covers a rotating disc ; if luminescence is persistent, 
the point is drawn out into a bright streak and the length of the 
luminescent streak in conjunction with the known speed of rotation 
provides a measure of the duration of the afterglow [i8y ,1^66,1884). 
The latter arrangement has the advantage that at low frequency of 
rotation slow decay periods of the order of 1 sec can be observed ; this is 
not possible with phosphoroscopes of the Becquerel type. With high 
speed of rotation, on the other hand, it is claimed that periods of 
afterglow of less than 10"^ sec can be measured. Tlic device by means 
of which the shortest decay periods are observed with a mechanical 
shutter vseems to be the one proposed by Vavilov and Levshin : the 
fluorescence is excited by the light from a spark discharge" and the 
luminous spot is drawn out into a long band by means of a fast- 
revolving mirror, the spark always being started in the same position 
of the mirror by a synchronizing apparatus. The limit of the resolving 
power of this phosphoroscope is claimed to be 10~® sec {1766). A 
resolving power of a microsecond is reached also if a cathode-ra}^ 
oscillograph is used for analyzing the fluctuating potential of a 
photoelectric cell which is excited by the luminescence. The primary 
radiation impinging on the luminescent substance must be interrupted 
by a rotating disc shutter which is in phase with the alternating 
voltage applied to the second pair of electrodes in the oscillograph 
tube. In phosphoroscopes of this type the intensity curve of the 
exciting radiation is made as nearly rectangular as possible so that the 
irradiation is nearly constant through a time interval of the order of 
5 millisec. The period of the oscillograph and of the shutter is about 
ten times as long and thus the complete rise (‘‘induction”) and decay 
of the luminescence are visualized in a single curve, if the luihinescence 
has decayed to zero at the end of every oscillograph period. Otherwise, 
the emission processes originating from previous excitation processes 
will overlap in the same way as with other phosphoroscopes {266,4596, 

1335^,14320,1433) ■ 

An oscillograph phosphoroscope described by Lord and Rees 
differs from the more usual type in that the exciting radiation has a 
sinusoidal intensity curve. The light source and the time base of the 
oscillograph are actuated by the same alternating voltage so that they 
are synchronized automatically. The intensities of the primary 
radiation and of the luminescence as functions of time are recorded by 
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means of the oscillograph and the phase shift between the minima of 
the two curves is measured (957a). 

For the measurement of the very shortest decay periods down 
to 10~® sec so-called fluoro meters are used. They are, in principle, 
nothing else than modifications of the Becquerel phosphoroscope with 
practically no inertia. For this purpose the mechanical shutters are 
replaced by an electric device. Such shutters are either Kerr cells 
operated by a high-frequency alternating voltage and placed between 
crossed Nicols or they are systems in which the impinging liglit beam is 
diffracted periodically by means of supersonic waves. In contradis- 
tinction to the Becquerel phosphoroscope the time interval between 
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Fig. 3. Kerr-cell fluorometer [ Szymanowski (7 6.? j. 
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excitation and observation is not pioduced by a phase difference 
between the periods of the first and the second shutter, but by the 
^'ariation of the distance betw^een the luminescent substanre and the 
two shutters, and thus by the time in which the light traverses this 
distance. If this time is equal to one-half the period of the shutters, no 
light is transmitted through the second shut ter, unless the luminescence 
has a duration which is not infinitely short compared to the period of 
the shutters. 

The first fluorometers which yielded useful results were of the 
Kerr-cell type. A somewhat improved modification of the original 
apparatus designed by Ga viola is shown schematically in Figure 3. 
L is the light source, T the fluorescent substance and and the 
two Kerr cells placed between the two pairs of crossed Nicols iV^, ATg, 
and A 3 , A 4 , respectively. Instead of measuring the intensities of the 
luminescence for variable distances the degree of elliptical 

polarization of the radiation transmitted through the second Kerr 
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cell is determined. The fluorescent substance T and a diffusely re- 
flecting surface R (not shown in the figure) are mounted on a movable 
carriage and in every position of the carriage T and R are interchanged. 
Thus two complete curves of the measured ellipticities can be plotted, 
one for the instantaneous reflection process and the other for the 
luminescence process (main curve and fluorescence curve in Figure 4) . 
The value of r is, in the first approximation, derived directly from the 
distance between the minima in the two curves. For accurate calcu- 
lations several corrections must be introduced ; the complete theory of 
the method has been discussed by Duschinsky. According to Szyma- 
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P'lG. 4. Curves obtained with the Kerr-cell lluorometer 
[Szymanowski ( 1623 )]. 

ah and a/: ellipticily of rt'flectcd and of fluorescent 
light as a function of path length. 
fitheor- calculated according to Duschinsky ’s theory. 

/ and gexp'' intensities derived from a;t and a/, respectively. 
/; distance K^~T—K^ in P'ig. 3. 


nowski it is possible to measure decay periods as low as lO”"^ sec with 
an error of ± 0.2 • 1 0“®. The theory assumes that the decay is exponential. 
In principle it should even be possible to verify the validity of this 
assumption by analyzing the shape of the curves of Figure 4 (j 2 (^, ^ 60 ^, 
1622-1625). 

In some instances the fluorescence radiation is partially plane 
polarized if it is excited by plane-polarized light ; this is always the 
case in Kerr-cell fluorometers. Under these conditions different values 
of T are obtained according to whether the Nicols and are 
crossed or parallel, both positions being admissible. A partial or even 
total depolarization of the fluorescence light is caused by the Brownian 
rotation of the luminescent molecules during their decay period 
Hence the measurements average different portions of the decaycurve 
with crossed or with parallel Nicols ^ 3 - genuine average 
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is obtained if the planes of polarization of ZVg ^3 form an angle of 
54. 72"^. The validity of this consideration has been checked experi- 
mentally (66g,6y6,yyi). 

In supersonic-cell fiuorometers a single cell serves for both shutters ; 
it is traversed by the exciting radiation and by the fluorescence 
light in two directions perj^endicular to each other, as sho\\Ti in 
Figure 5. The supersonic waves are produced by means of high- 
frequency oscillating voltages in a solid quartz block to which the 
electrodes are directly applied, or in a vessel filled with a liquid. In the 
latter case the oscillations are generated by means of a thin quartz 
plate which is in contact with the liquid. Either arrangement has its 
advantage. The liquid cells require very little energy and low voltage, 
while a peak voltage of several thousand volts is needed for the quartz 

block. On the other hand, it is much 
more difficult to obtain exactly plane 
parallel wave trains in a liquid than 
in a good crystal. At the moment 
when the amplitude of the standing 
wave passes through zero, light beaqis 
traversing the cell are not deflected ; 
when the amplitude of the supersonic 
wave reaches its maximum a large 
part of the light is diffracted into the 
spectra of the first order. With good 
adjustment the modulation is almost 
complete. In the main these fluoro- 
meters are operated in the same 
way as the Kerr-cell instruments, 
with the exception that tiie light 
intensities must be measured photo- 
metrically. Maercks uses for this 
purpose a differential photoelectric 
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5. Supersonic fiuoro meter 
(Maerks) . 

Light source to the Icit 
supersonic cell as shutter. 

Pj and P,: totally reflecting 
prisms, mounted on carri- 
age movable in direction A . 

T^: fluorescent solution, ex- 
changeable with reflecting 
surface P. 

Ph: differential photometer cell. 
Si-Sg.* slits. 


cell in which the intensities of the 
directly transmitted and of the diffracted light beams are compared, 
thus eliminating the influence of intensity fluctuations of the primary 
light source {168, 780,970 ,1708). 

Kerr-cells fiUed with nitrobenzene do not transmit the violet and 
u.v. Besides, they are rapidly heated by the great energy input of 
about 100 watts so that the measurements must be interrupted after a 
short time. On the other hand, the exact theoretical treatment has 
not yet been worked out for the supersonic shutters, because the “time 
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function” which determines the transmitted energy during a full 
oscillation period as a function of the time is not known. In the first 
approximation it has been supposed to be sinusoidal, but the deviations 
may be rather large. 

Both instruments have the property in common that with the 
shutter frequencies of 10"^ which are needed for the measurement of 
short decay times, the paths over which the fluorescent substance 
must be moved in order to obtain a complete curv^e, as in Figure 4, are 
of the order of five meters. Thus the whole arrangement is rather 
cumbersome. Kirchhoff has overcome this drawback by a device which 
is somewhat complicated and seems to reduce the accuracy of the 
measurements. 

8. Measurement of the Intensity and of the Degree of Polarization. 

Any photometer can be used for the measurement of the intensity of 
fluorescence. It is true that a numbeT of photometers are advertised 
as fluorometers or fluorimeters (for better distinction the name 
“fluoro-photometer” would be preferable), but they have no features 
by which they differ from similar instruments constructed for other 
purposes. Visual photometers, photographic methods, or photo- 
electric cells, both of the emission and the barrier-layer type, are in 
general use. For the measurement of weak intensities Geiger-Mueller 
counters or “photo-multipliers” can replace the photocells. A visual 
photometer for the very small intensities which occur frequently in 
the investigation of fluorescence has been designed by Vavilov. In this 
apparatus the fluorescence radiation and the comparison light are 
weakened by means of a neutral wedge to the threshold value of the 
dark adapted eye (iSj). 

As in all photometric work, it is of the greatest importance that 
an}^ variations in the intensity of the primary light source are auto- 
matically compensated for and, therefore, it is advisable to use as 
comparison light the radiation of a fluorescent substance which is 
excited by the same primary source. The human eye and all photo- 
electric cells and photographic plates are characterized by a more or 
less selective response to light of different wavelengths. Therefore they 
caimot be used for comparing radiation of different color or different 
wavelength if the spectral distribution of their sensitivity is not 
known. The fact that the fluorescence yield of many fluorescent 
compounds is independent of the wavelength of the exciting light over 
a wide spectral range can be used for heterochromatic photometry. 
E. J. Bowen recommends as “integrating screens” mosaics made of 
uranyl sulfate or of cells filled with an esculin solution. Radiation, 
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the intensity ofwhich is to be determined, excites the fluorescence of an 
integrating screen which covers the entrance window of a photoelectric 
cell and thus stimulates a current in the cell proportional to the 
unknown intensity (Figure 6) [140). 

Photoelectric cells are particularly suitable if the total amount of 
light which is stored in a phosphor after the end of the excitation is to 
be determined. This “light sum” is proportional to the electric charge 



TTg. 6, Heterochromatic photometer (Bowen). 

Fj. F^, Fg, and light and T^\ integrating 

filters. fluorescent scn'ens. 

Fj and ' photoelectric cells. FL : fluorescent solution . 


produced in the photoelectric ceil, which is connected to an electro- 
meter and a capacitance of known capacity. A light counter operating 
a mechanical counting device (telephone counter) is even more useful 
for the same purpose. Complete decay curves covering long periods 
of time are obtained with a photo-multiplier tube connected through 
an amplifier with a recording galvanometer. The curve can be followed 
over a very wide range of intensiiies, if the amplification can be altered 
by known steps every time the galvanometer deflection has reached 
a certain low value (733,83ya,i2gj), 

The degree of polarization of fluorescence radiation is frequently 
of great importance. For partially plane -polarized light the degree of 
polarization is defined by the equation : 


(/'+/") 


(12a) 


r and r are the maximum and the minimum intensities of the 
fluorescence if it is observed through a Nicol which is gradually rotated 
around its axis. The azimuths of maximum and minimum intensity 
are often known a priori, otherwise the preferential orientation of the 
electric vector has to be determined in order to obtain the real degree 
of polarization. The relation between the degree of polarization p and 
the degree of depolarization : 
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e - 77 /' 

(12b) 

is determined by the equations: 


e - (i“-/>)/(i f P)-. P - (1— e)/{i -f e) 

(12c) 

Sometimes the “apparent” degree of polarization p^ i 
experimentally instead of p\ 

s obtained 

(l-Ah) 

(12d) 


where and are the intensities of the components with electric 
vectors parallel to two directions Z and X which are })erpendicular to 
each other (as a rule, the vertical and tlie liorizontal). can be zero 
even \i p is equal to 100 % if the radiation is plane polarized parallel to 
a direction forming an angle of 45° with Z and A\ In the following the 
term “light polarized parallel to a direction’’ is always used in the 
semse that the electric vector of the radiation is parallel to this 
direction; “light partially polarized parallel to a direction” means 
that the electric vector has its greatest amplitude in this direction. 

In general, one of the following methods is used for the determi- 
nation of the degree of polarization. Eitlier a double image of the 
luminescent light source is produced by means of a Wollaston prism 
and an analyzing Nicol adjusted to the angle at which the brightnesvses 
of the two images ])ecome equal; or tlie partial polarization of the 
radiation is made visible ])y the interference fringes produced in a 
quartz-wedge combination (.Savart plate, etc.) and the fringes are 
made to disappear by means of a compensating set of glass plates; or 
the radiation enters a photoelectric cell through a polarizing prism and 
its intensity is measured for various azimuthal orientations of the 
prism. The ([uartz-wedge method is particularly suitable for visual 
measurements ; the “Cornu method”, or double-image method with 
photographic registration, and the photoelectric method, serve mainly 
for the u.v. {466), 

9. Light Filters'and Light Sources. Colored screens, monochromators 
and spectrographs of usual types serve for the spectral resolution of 
the exciting radiation as well as of the luminescence light. Colored 
glasses of many shades are provided by several manufacturers 
(Coming, Schott, and others) and gelatin filters stained with organic 
dyes are also available (Kodak, Wratten). By a combination of such 
screens almost any spectral region can be isolated, though, in general, 
with great loss of luminosity. “Black” glass, stained with nickel 
oxide, is almost completely opaque for all visible light except the 
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extreme red,* while its absorption coefficient is small between 4000 
and 3000A. The transparency reaches its maximum value of about 
80% at 3500A. Special glasses of this kind are even transparent as far 
as 2300A, but they arc not quite so opaque for the violet part of tlie 
spectrum. 

Some other filters which have proved useful for isolating spectral 
regions in the u.v. may be mentioned. A solution of 1.75 molar nickel 
sulfate and 0.5 molar cobalt sulfate in distilled water contained in a 
quartz cuvette of 3 cm thickness, absorbs all light of wavelengths 
greater than 3500A, but transmits 73 % of 3130A, 80 % of 2600A, and 
almost aS much of 2300A. Similarty a quartz cell filled with bromine 
vapor completely cuts off all light from the yellow down to 3500A and 
chlorine vapor at saturation pressure at room temperature is opacpic 
between 4400 and 2650A; both freely transmit the Hg-line 2537A. 
On tlie other hand, the short wavelength radiation is absorbed by an 
aqueous solution of potassium nitrate from 4000A downward, by a 
solution of potassium phthalate from 3000A downward, and by a 
thiophene solution from 2500A downward. The Hg-lines 3132A and 
253 7A, respectively, arc still well transmitted by the two latter 
solutions. The Hg-line 1849A, which is transmitted through good 
crystalline quartz and moderate distances of atmospheric air, is 
completely absorbed by distilled water, while the Hg-line i940A is 
transmitted. Adding acetic acid dropwisc to distilled water shifts the 
limit of transparency continuously from 1940 to 2400 A. 

Occasionally closely adjacent components of almost monochro- 
matic radiation are to be separa ted without the use of a spectrograph 
and the corresponding loss of intensity. R. W. Wood has devised the 
following setup for the separation of the sodium D-lines (Figure 7). 
The radiation containing both D lines (JA ~ 6A), which has been 
polarized by means of a first Nicol P^, is passed through a crystalline 
quartz plate Q, The optical axis of the crystal lies in the plane of the 
plate and forms an angle of 45'" with the electric vector of the incident 
radiation. The thickness of the plate, about 32 mm, is determined 
so that after leaving the plate the ordinary and the extraordinary rays 

♦ In order to eliminate this long wavelength radiation, which is often 
disturbing for visual observation, a cell containing a copper sulfate solution is 
frequently inserted in the path of the exciting light. However, it should not be 
overlooked that if this filter is sufficiently concentrated to eliminate the red 
completely, the near ultraviolet is also appreciably weakened. If the lumi- 
nescence is not red itself, it is therefore better to insert the filter in the path of 
the secondary radiation. For the absorption of infrared radiation a cell filled 
with distilled water suffices to protect the luminescent substance against heat. 
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have a phase difference which is larger by JA for Dg than it is for Dj. 
A second Nicol Pg suitable orientation transmits only one of the two 
lines (470,1879). 

For the partial isolation of components of the hyperfine structure 
of the Hg-line 2537A, which have an even closer spacing (AX ~ 10~^A), 
Mrozowski uses a polarizing prism and an absorption cell filled with 
mercury vapor which is placed in a magnetic field. If the strength of 
the magnetic field has a certain value, the absorption lines of the 
hyperfine structure are shifted so much that they absorb some of the 
components of the incident radiation while transmitting some of the 
others {1067). 

Frequently, and especially if the exciting light is strongly 
scattered by the luminescent substance, it is advantageous to use the 




-D-fl (]- r ^=0 


Fig. 7. Wood’s method for the separation 
of the D-lines. 

L: light source. Pj, P 2 : Nicols. 

Q : quartz plate . R : resonance lamp . 


method of “crossed” or complementary filters. The first filter trans- 
mits only those parts of the primary radiation which serve for the 
excitation of the luminescence ; the second filter is placed between the 
luminescent substance and the eye of the observer and transmits the 
luminescence light, while it is opaque for the exciting radiation. (For 
instance, in Figure 6, the filters and Pg are complementary to the 
filter combination Pj, P2 ^3-) This device, which has already been 
used by Stokes can, of course, be applied only if the spectral region of 
the exciting light does not completely overlap that of the emission 
band. If this condition is fulfilled, it becomes possible to observe the 
fluorescence, during the excitation, in the direction of the primary 
radiation, a procedure which is often convenient, and, in certain cases, 
of especial interest. If the first filter is a “black glass” transmitting 
only U.V., the second filter can be dispensed with {394). 

More detailed information concerning the specific action of 
exciting light of diflerent wavelengths (the so-called “excitation 
spectrum”) is provided by the method of “crossed spectra,” which also 
has already been employed by Stokes (1583). The real image of a 
continuous spectrum is formed on the luminescent surface; only 
certain parts of this spectrum excite luminescence. A second “ana- 
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lyzing'’ spectrograph, with its slit perpendicular to the slit of the first 
spectroscope, deviates the light belonging to the primary spectrum 
as well as the luminescence light and thus permits the determination 
of the regions of the primary spectrum by which the various parts of 
the fluorcvscence spectrum have been excited. The method has also 
been applied, with slight modifications, to the inv^cstigation of the 
volume fluorescence of vapors. Furthermore, the method can be applied 
to the determination of the “excitation spectrum” of a slowly decaying 
phosphorescence : wlien the primary radiation is interrupted, the plios- 
phorescent surface remains luminescent only where the spectrum of 
primary radiation has been able to excite phosphorescence {F,i6jj). 

Sources of light with a continuous spectrum are the sun, the carbon 
arc, tungsten filament lamps, and electric discharges in hydrogen gas 
of about 1 mm pressure. I'he choice is frequently influenced by tlic 
spectral region required for a specific experiment; thus the hydrogen 
discharge alone provides a continuum below 2500A. The liglit ^ouk c 
is of particular importance if the resonance radiation of a gas or vapor 
is to be investigated. Since the absorption lines arc extremely narrow 
in this case, the primaiy radiation must have a high intensity at the 
center of the linos and these must be free of self -reversal. Spark 
dischargees or higli pressure arcs are therefore (juite inadequate. In the 
earlier stages of this kind of research, .sodium chloride flames and 
mercury arcs of the Hanau type were almosi exclusively used. In order 
to keep the vapor pressure at a low value, the mercury lamps, or at 
least their electrodes, were cooled by running water, following .i 
suggestion by Kerschbaum (767). h^urtliermore, the arc was pressed 
close to one of the walls of the tube by a magnetic field so that the 
reabsorption of the lines by a layer of nonluminous vapor was 
minimized [i86y). At present these lamps have been almost completely 
supplanted by hot cathode discharge lamps containing argon or neon 
with an admixture of a small quantity of a metal ;by the heat generated 
by the discharge the metal is evaporated and becomes the carrier of 
the light emission. By a suitable choice of voltage and current density, 
90 % of the total radiation of such mercury lamps can be concentrated 
in the line 2537A, practically without self-reversal. Sodium, cadmium, 
zinc, thallium, and magnesium lamps of this type are also available. 

For further suppression of line I-eversal, Carlo and Lochte- 
Holtegreven have constructed a metal-vapor lamp in which the hot 
metal vapor is prevented from distilling out of the high-temperature 
discharge chamber by a continuously circulating stream of a rare gas. 
Simultaneously this gas stream protects the window of the lamp. 
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which must be kept at a low temperature, against corrosion by the 
vapor or deposit of solid metal ( 204 ), 

If it is important for an investigation that the width of the line in 
the primary radiation be narrow and absolutely constant, a ‘ ‘resonance 
lamp” isusedas light source. This isa highly evacuated tube containing 
the vapor of the metal in question and kept at a well-defined tempera- 
ture. The resonance lamp is excited to emit its characteristic 
radiation by one of the light sources which have been described 
above. 

10. Containers. The fluorescence of gases and vapors is investi- 
gated, in general in carefully cleaned and highly evacuated glass or 
quartz vessels. If pressure and temperature of a vapor have to be 
varied independently, a side tube is attached to the observation 
chamber and both are heated by separate electric ovens. The side tube 
must always be kept at the lower temperature in order to regulate the 
vapor pressure. Many metal vapors attack the glass at high temp- 
eratures; for some metals, e.g. sodium, special resisting glasses have 
been developed. If such glasvses are not available, metal vessels with 
sealed-on water-cooled windows can be used occasionally. However, 
they are not suitable for precision measurements, partly because of 
the bad definition of the vapor pressure in a volume of varying temper- 
ature, partly because of the unavoidable impurities which are released 
by the hot metal walls. 

For special purposes a molecular beam which is projected from 
an oven through a narrow diaphragm into the observation chamber is 
excited to fluorescence. This method has proved useful, for instance, 
in the excitation of the resonance radiation of lithium vapor, which is 
extremely corrosive for almost all materials. Other'applications of the 
method are mentioned in vSections 20, 22, and 23 { 323 ). 

The fluorescence of liquids is observed in cuvettes with plane 
windows for the admission of the exciting light. In order to avoid 
scattering of the primary radiation in the direction of observation by 
multiple reflection, the vessels containing a fluorescent gas or liquid 
frequently have the hom-like shape which Strutt (Lord Rayleigh) 
used for the investigation of molecular light scattering (Figure 8a). 

The mode of illuminating a fluorescent gas or liquid depends on 
the problem under investigation. If the luminescence is weak and 
the highest possible intensity must be obtained for spectrographic 
research, a tubular mercury lamp is placed side by side with the horn- 
shaped tube, both are surrounded by a cylindrical reflector, and an 
image of the luminescent volume is formed on the slit of a spectrograph 
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which is screened from direct lamp radiation by a suitable set of 
diaphragms (Figure 86). 

If, on the other hand, specific properties of the fluorescence are 
to be determined, as, for instance, its angular intensity distribution or 
its polarization, the exciting light must enter the luminescent medium 



Fig. 8. Wood’s device for high intensity excitation of fluorescence. 

FL: container of fluorescent solution with hornshaped end (“Rayleigh horn”) . 

W : concentric tube for filter and cooling liquids, 

Hg : mercury arc lamps . 

P : elliptical cylindrical aluminum reflectors. 

5 : screen with circular diaphragm O. 

as a parallel beam produced by a suitable lens system from a point 
source of light. 

With the exception of glasses, photoluminescent solids are seldom 
available in large transparent pieces. In most cases they form micro- 
crystalline powders. For the investigation of the emission by a single 
microcrystal, the fluorescence must be observed under a microscope. 
In general, the powder is spread out on a porcelain dish or a glass or 
metal plate, and frequently it is fastened to the support by means of a 
binder. Sometimes it is advisable to keep the luminescent screen in an 
evacuated chamber in order to avoid photochemical reactions with 
the surrounding gas. 
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CHAPTER I 


MONATOMIC GASES AND VAPORS 
A. Nomenclature of Series Spectra 

11, Quantum Numbers. Only the most loosely bound electrons of 
an atom participate in the optical absorption and emission processes, 
h^or practically all spectra which are treated in this chapter, a single 
electron acts as “emission electron” (“Leuchtelcctron” in Sommer- 
feld’s terminology). The energy contributed by an individual electron 
to the total internal energy of an atom is determined by 5 quantum 
numbers w, /,/, y, and m. In }3ohr\s original atomic model, the “princi- 
pal quantum number” n defines the length of the major axis of the 
elliptical orbit on which the electrons move around the positive 
nucleus. The values of n are 1, 2, 3, 4 . . . The secondary quantum 
number / measures the orbital angular momentum of the electron in 
units of A/277 and can be equal to any integral number between 0 and 
n-\ . If an atom contains several electrons outside its outermost closed 
electron shell, the secondary quantum number of the atom L is ob- 
tained by vectorial addition of the I values of the individual electrons.* 
For all spectra occurring in this chapter, / differs from zero only for 
the emission electron ; hence L is always equal to /. (The total contri- 
bution of all electrons in the inner shells toward L is zero.) 

Every individual electron has a spin quantum number s ~ 1/2 ; 
vectorial addition of these individual spin values yields the total 
electronic spin of the atom vS', so that 5 ■— 1/2 for one outer electron, 
5—0 or 5 “ 1 for two electrons, 5 — 1/2 or 5 — 3/2 for three 
electrons, etc. 

By vectorial addition of I and s or L and 5, respectively, the 
“inner” quantum numbery of the individual electron or / of the atom 
(measuring the resultant electronic angular momentum) is obtained 

\L~-S\ < / <L 4- (13) 

There are, in general, (25 + 1) different values of / for L > 5 and 
{2L -f 1) values of / for L < 5. 

* This so-called Kusscll-Saiin.ders coupling prevails for all spectra which 
are considered in the followng sections. 

27 
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/ is the '‘hyperfine structure” quantum number. It is the vectorial 
sum of J, as defined above, and of i, the momentum of the nuclear 
spin, and corresponds to the total angular momentum of the atom. 
For elements of even atomic number, i is, with very few exceptions, 
equal to zero; but for “odd elements,” i — 1/2, 3/2, etc., according 
to the number and nature of the elementary particles (protons and 
neutrons) constituting the nucleus. Thus: 

17— /| (14) 

and there are {2i -}- 1) different values of /, if J > i and (2/ + 1) 
values if J < i. 

Finally, the “magnetic quantum number” m determines the 
angular momentum which is produced by the precession movement 
of an atom revolving around the lines of force of a magnetic field 
and therefore m determines the orientation of the atom in space. 
Since : 

—f<m<f (15) 

there are always (2/ + 1) values of m. For even elements with no 
nuclear spin, / is equal to J and, therefore : 

— (F'5a) 

with (2/ + 1) different values of m. Relation (15a) replaces (15) quite 
generally, even for atoms with i > 0, if the applied magnetic field is 
so strong that its influence prevails over the influence of the magnetic 
field produced by the nuclear spin (“Paschen-Back effect” of the 
hyperfine structure). 

12. Energy Terms. The major part of the energy characterizing 
an atom in a specific state (w, L, /, /, m) is determined by the value of 
n. An energy level corresponding to a given value of n splits into several 
sublevels originating from the fact that the other quantum numbers 
can contribute an additional energy. These additional energies de- 
crease, in general, in the order in which the quantum numbers are 
enumerated above. The magnetic quantum number causes the splitting 
of an energy level into various “Zeeman levels” only if an external 
magnetic (or electric) field acts on the atom. In the absence of such 
fields, the atom is “degenerate” with respect to spatial quantization. 
However, although the sublevels corresponding to various possible 
values of the quantum number m coincide energetically, their multi- 
plicity determines the statistical weight of the state. 

The energy differences between the sublevels corresponding to 
the hyperfine structure are so small in many cases that they need not 
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be considered for most sjxjctroscopic research work. Therefore, the 
first three quantum numbers are sufficient, in general, for the con- 
struction of the energy term scheme of an element. Each term is 
characterized by a symbol of the form: #5;, etc. n and J have 
the meanings explained in the preceding section and r indicates the 
multiplicity of the term, i.e., the greatest number of values which J 
can assume according to Equation (13). Instead of stating the quantum 
number L explicitly, the s^unbols .S'*, P, D, }\ etc., arc used for 
L 0, 1,2, 3, etc. Thus the various terms are denoted as hS-terms 
(singlet 5-terms), •'^P-terms (triplet P-term.s), etc. J has only a single 
possible value in a singlet term, it has two possible values in a doublet 
term, etc. According to the definition, J is an integer number [J — 
0, 1, 2, 3 . . .) for odd values of r (singlets, triplets, etc.) and a lialf- 
nurnber ( / -- 1/2, 3/2, 5/2 . . .) for even values of r (doublets, quartets, 
etc.). L being equal to zero for 5-terms, thc.se are always single, even 
if they belong to a doublet or triplet system, since for L < S the multi- 
plicity is : 2P + 1 . 

The monovalent elements in the first column of the periodic 
system have only doublet terms, tho.se in the second column, with two 
external electrons, have singlet and triplet terms, those in the third 
column have doublet and quartet terms, etc. 

Since the principal quantum number n must always be larger 
than L, only the series of 5-terms begins with n ~ \, the P-series 
begins with n == 2, and the P-series with w — 3. At first it was usual 
to designate the lowest state of an atom, if it w^as an 5-statc, by the 
symbol IS, and the following states were then called 2P, 25, 3P, etc. 
Similarly, the ground state was called 2P if it corresponded to a P- 
term. In more recent papers on spectroscopy, however, the correct 
notation is used exclusively and the principal quantum number n of 
the emission electron in the* ground state is determined by the number 
of electrons that are contained in the interior shells. Only the ground 
state of the hydrogen atom and of the helium atom is called 15, the 
ground state of lithium is 25, and that of sodium 35. In Table 1, the 
two modes of designations are collected for all elements dealt with in 
this book; it may serve for comparing earlier publications with more 
modem papers. 

Instead of the energy-level diagrams of Figure 1, diagrams like 
those of Figure 13, 15a, 17 (so-called Grotrian diagrams) are used for 
representing the complete set of terms of an atom. The series of terms 

* The generally accepted use of the same symbol 5 for the total electronic 
spin and for terms with L ~ 0 can never be misleading. 
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Table 1 

Main Quantum Numbers for the Lowest 5-, P- and D-Terms 
OF All Atoms Fluorescing in the Gaseous State 


Old 

designa- 

tion 


IS 2 P 3D 


IS 2 P 3D 


IS 2 P 3D 

1 

1 

2 P 3,S 3D 


Li 

25 2P 3P 

He 

15 2P 3D 

Ca 

45 4P 4D 

In ! 

5P 65 5D 

Correct 

des- 

igna- 

tion 

Na 

3S 3P 3£) 

Ne 

25 2P 3D 

Zn 

4.S 4P 4D 

T1 

6P 75 673 

Cu i 
Ag 
Rb 
Cs 

45 AP AD 
45 IP 473 
55 hP 57) 
55 :yP 5P 
65 6P GD 

A 

1 

1 

35 3P 3D 
15 2P 3D 

C<1 

Hg 

i 

55 5P 5 0 
65 Gi’ GD 

Pb 

6P 75 GD 


for which n increases, while L and J are kept constant, are plotted in 
a vertical column as short horizontal lines ; the various columns for 
different values of / and L are plotted side by side. The vertical 
distances between the individual short lines are again proportional to 
the energy differences between the terms, measured in eV or cm~^. 

13. Series Lines. A spectral line is determined by two terms. f5r 
instance, 3\Sq and 5^ Pi, If only the frequency of the line is to be 
stated, it is given by the difference 5^P^'~3kS‘o; if the direction of the 
transition is to be made clear, the dash is replaced by an arrow. 
According to the footnote on page 4, n"P~>n'S represents an 
emission process and n"P<~ n’S represents an absorption process. 

For deriving the lines which actually occur in the spectrmn of an 
atom, knowledge of the terms docs not suffice : it must be supplemented 
by knowledge of the “selection rules.” Only transitions are “allowed'' 
for which: 

An = 0, 1,2,3 . . ., and simultaneously: 

AL ~ : 1 : 1 and AJ = 0 or 7^: F 

The selection rules for the hyperfine -structure quiintum numbers and 
for the magnetic quantum numbers are : 

=: 0 or i 1 and Am — 0 or 7 ^: 1 • 

Only if / “ 0, transitions with AJ = 0 are forbidden ; under these 
conditions, AJ ^ I is the only allowed transition. This is particu- 
larly important because of the resulting metastability of the G^P^-state 
of mercury and of the corre.sponding states of other elements. Am 0 
is forbidden for the magnetic quantum number if J/ ™ 0 for the line 
under consideration, as, for instance, for a transition. It has 

already been mentioned in the introduction that forbidden transitions 
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do actually occur, though with very small probability. (The transition 
jy ~ 0 for / = 0 practically does not occur at all.) 

It follows from the selection rule AL — 1 that the only allowed 

transitions from an 5-term are those to a P-term, from a P- to an5- 
or a P-term, and, generally, from one vertical column in a Grotrian 
diagram to the neighboring columns, if terms which differ only by 
'their /-values are classified as belonging to the same column. 

[This simple formulation of the selection rule for AL suffices for 
all atomic spectra if I differs from zero for onl}^ one electron outside of 
the completely closed shells (for instance, the spectra of Na, Hg, T1 
and other elements of the first three columns of the periodic system, 
and also for the spectra of the rare gases). If several electrons have 
/-values greater than zero for instance, if an atom contains two or 
more /)-electrons (with / — 1) one must apply the more general 
fpiantum-rnechanical law according to which only transitions between 
“even'’ and “odd” states are allowed. A state is even when the alge- 
braic sum Zl is even, and the state is odd when this sum is odd, odd 
states being characterized by a superscript as in in contrast to 
an even state 'fhe atom of lead has two 6/) electrons in its even 
ground state ^Pj \ if one of these electrons is raised to the level Is, an 
excited odd state is formed. Transitions between these two 
^P-triplet states are allowed if they agree with the selection rules for 
A J. The fluorescence spectrum of lead vapor (Figure 10) provides the 
only instance mentioned in this chapter for a transition of this kind.] 

If a term combines successively with all terms of a neighboring 
column in the Grotrian diagram so that the T-value of the latter is 
kept constant .while the n-values vary, a “series” of lines is obtained, 
as, for instance, the series 6P-6S, 7P-65, 8P~65, etc. If, on the other 
hand, all quantum numbers with the exception of / are kept constant 
in the initial and the final- state, while all piossible values are assigned 
successively to J in both stales, the resulting lines form a multi])lel, 
as, for instance, 2,^-6^ Po, 1,2. 

“Intercombination transitions,” as, for instance, those from a 
triplet state to a singlet slate, have small probabilities, in general. 
They are strictly forbidden in tlie spectra of the lightest elements, but 
become more probable with increasing atomic numberof the elements. 
In the spectrum of mercury the intercombination resonance line 
is relatively strong, the analogous lines in the spectra of Cd 
and Zn are much weaker, and, in the spectrum of helium, intercombi- 
nation lines between the triplet and singlet systems (ortho and 
parhelium spectrum) do not occur at all. Simultaneously, the sepa- 
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ration of the individual triplet terms becomes smaller as compared 
with their mean distance from the corresponding singlet term. 

Tlie series originating from the transitions PS (S being the 
ground state of the atom) are called the principal series, those corre- 
sponding to transitions D-P are the diffuse, and tliose corresponding 
to the transitions S~P are the sharp secondary series. 

At moderate temperatures, at which practically all atoms are 
in the ground state, only the principal series or the two secondary 
series appear in the absorption spectrum, if the ground state is 
characterized by an 5- or a P-lerm, respectively. 

Each series of terms converges towards an upper limit corre- 
sponding to the energy needed for the ionization of the atom in a 
given initial state. In the same way, every absorption series converges 
towards a short wavelength limit, beyond which a region of continuous 
absorption begins. i\bsorption of light in this continuous region leads 
to the photoelectric ionization of the atom. 


B. Fluorescence Lines 

14, Resonance Lines. Pure resonance radiation, as excJusi^"e 
re-emission of absorbed monochromatic light, occurs only if there is 
no other possible spontaneous transition from an excited state than 
the return to the ground state. Therefore, the ground state must be 
single, a condition always fulfilled if the ground state is a 5-state. 
This is tlie case for all metals of the first and second columns of the 
periodic system. It is not necessary, on the other hand, that no other 
levels exist between the excited and the ground states, as long as 
spontaneous transitions of the electron into any existing intermediate 
levels are forbidden by the selection rules. Excited states of this type 
are characterized for the alkali metals by the term symbols -^1/2 and 
^3/2 » and for the metals of the second column of the periodic system 
by and ^Po. 1 , 2 ; transitions ^P^f^ -> ^^ 0 , 1,2 or ^Pj -> ^P^ 

are forbidden (compare Figures 13 and 15 ). It follows that an atom can 
have more than one genuine resonance line. Thus, either of the 
D-lines of sodium is a resonance line ; if the primary radiation contains 
in its spectrum only one of these lines, and if the vapor pressure is 
sufficiently low so that no collisions occur during the lifetime of the 
excited state, only this component of the doublet is re-emitted by the 
vapor (x 595). Resonance emission of the first doublet of the principal 
series has also been observed in the vapors of lithium (6708A, without 
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resolution of the two components which are separated by a distance 
of only JA), as well as in the vapors of potassium (7699 and 7645A) 
and of silver (3382 and 3280A) (12^,1133). (Compare Section 94 
concerning the excitation of resonance radiation of copper.) 

The two resonance lines corresponding to the transitions -> ^5^ 
and which have been observed in the vapors of several 

metals of the second column of the periodic system, are collected in 
Table 2. The mercury line 1849 A coincides with the first strong 

Table 2 


Resonance Lines of Metals Belonging to the Second Column of 
THE Periodic System 
(Wavelength in A) 



I Hg 1 Cd 

i Zn 

Ca 

n j 

6 j 5 


4 

I 

2537 i 3261 

1 3076 

6537 

MlP, - 1 

1849 ' 2288 

' 1 

2139 

1 

4227 


absorption bands of Og; therefore, it is observed only if the primary 
and the secondary radiation do not have to pass through more than a 
few centimeters of atmospheiic air. Resonance excitation of this line 
so far, has been treated only in one paper {1395). On the other hand, 
the intensities of the long-wavelength resonance lines of Cd, and even 
more ofZn,are rather weak because of the small transition probabilities 
(111-113,1231,1324,1331,1340). 

While the metals enumerated above are the only ones in whose 
vapors resonance radiation has 
actually been observed, there is 
no doubt that the other elements 
of the first columns of the periodic 
system would behave the same 
way under adequate conditions. 

The experimental difficulties are 
caused either by the high temp- 
eratures needed for the product- 
ion of sufficient vapor pressure 
(as in the case of gold or barium 
and strontium) , or by the fact that 
the resonance lines are situated 
in the far u.v., which is accessible 
only to vacuum spectroscopy (as 
in the case of the rare gases or 
Pringsheim 2 



Fig. 9. Level diagram for the fluo> 
rescence of T1 [Mueller ( 1084 )], 

atomic hydrogen). 
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: 435 eV 


15, Multiple Ground States. If the ground state of an element is 
a doublet state, resonance radiation, in the strict sense of the word, 
cannot occur. A typical example is j)rovided by thallium. The lowest 
energy level of the thallium atom is characterized by the symbol 
6 '^Pii 2 > By absorption of the lines 3776 and 2768A, the atom is raised 
into the states 7-5i/2 ^md b-Aj/g. respectively (Figure 9). 'Fransitions 
between these two levels are forbidden, but transitions from cither 
are possible to 6 '^P‘ir 2 as to ^^Pii 2 - Therefore, the lines 5350 or 

3529A, respectively, appear simultaneously with tlic exciting lines in 

the fluorescence spectrum. At 
high temperatures some atoms are 
in the state when thermal 

equilibrium is established, though 
the relative concentration is low 
(about 10-4 at 800^ C) because of 
the large energy difference of 0.96 
eV between the two doublet P- 
levels. Nevertheless, the fluores- 
cence emission of the lines 5350 
and 3776A can be excited under 
these conditions by irradiating 
TF vapor with the green thallium 
line as well as with the ultraviolet 
line 3776A. In either case, the 
absorbing atoms are raised to the 
while the initial state is b^Pg^g oi 6‘^Pj/2- The relative in- 


Fig. 10. Level diagram for the fluo- 
rescence of Pb (Winans). 


level 725. 


1/2 

tensities of the two emission lines are, as might be expected, indepen- 
dent of whether the vapor is excited by the green or the u.w line. 
At temperatures below 500° C, irradiation with the green line is 
practically ineffective in producing any fluorescence, as has been 
shown by Terenin { 16 ji). 

The term system of indium is strictly analogous to that of 
thallium (Figure 53). The resonance radiation of indium has never 
been investigated in laboratory experiments. However,^ the great 
intensity of the indium line, 4511 A , in the vspectra of 

certain variable stars has been interpreted by Thackeray as being 
caused by resonance excitation : the hydrogen line Hy (4101 .735A) coin- 
cides almost exactly with the indium absorption line, 4101. 7A (b^Sj/g- 
52P1/2), and the Balmer lines of hydrogen are always very strong in the 
spectra of these stars {1650). 

Results similar to those obtained with thallium vapor were found 
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by Terenin for the vapors of lead, bismuth, and antimony; the term 
schemes of these metals were then not completely analyzed and 
the investigation of their fluorescence made it possible to decide whioli 
lines were able to excite luminescence and were therefore absorption 
lines of the atoms in the ground state, and which lines occurred 
simultaneously in the fluorescence sjxjctra and were therefore emitted 
from the same excited ]ev(.‘l. By means of the method of “crossed 
spectra” all these problems could be solved in a single experiment. 
The absorption and emission lines found by Terenin in this way are 
shown in Figures 9-] 2 (lOji). 



Fig. 11. Level diagram 
for the fluore.scence of 
Bi ('I'erenin). 



Fig. 12 . Level diagram for the fluo- 
rescence of Sb (Terenin). 


Furthermore, Terenin observed the As-lines 2288 and 2381 A, 
when As-vapor was irradiated with the full radiation of an As-arc ; 
however, he was not able to determine the wavelength of the light 
which was respionsible for the excitation. Finally, re-emission of 
atomic Mn-lines was observed, when manganese vapor was illuminated 
with the light from a manganese spark The fluorescence spectrum 
consisted of two narrow triplets at 4032 and 2798A; the former could 
even be resolved into its components (4030.76, 4033.07, 4034.49A). 
According to Catalan, these triplets are caused by the transitions 
^nd 1 2 ^‘^0 { 437 )’ However, the exiciting lines 

emitted by the Mn-spark were probably self-reversed, and since the 
same fluorescence could be produced by the radiation from sparks 
between copper, zinc, or chromium electrodes, it must be assumed 
that in this, as perhaps also in some of the other cases mentioned 
above, the fluorescence was not due to a direct excitation of the atoms 
but to excitation of diatomic molecules with subsequent emission of 
atomic lines (compare Section 69). 
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16 . Excitation by Absorption of Lines Leading to Higher Energy 
States. It has been assumed, so far, that the vapors were excited by 
absorption of the first line of their absorption series. If other lines of 
this series are used for the excitation, a number of energy levels must 
exist between the excited and the ground states, so that the ‘‘emission 
electron” need not return to the ground state by the same way by 
which it reached the excited state; the return can be achieved in 

several steps, and consequently several 
new lines may be observed in the emission 
spectrum. This phenomenon has been in- 
vestigated most thoroughly in cesium vapor 
by Boeckner. The Cs-line 3889A, corre- 
sponding to the transition 
coincides so closely with a strong line of 
the helium spectrum that this transition 
can be stimulated by irradiating cesium 
vapor with the light from a helium dis- 
charge tube. Apart from the re-emission of 
the same line, a number of other lines are 
obtained under these conditions in the 
fluorescence spectrum of the vapor. These 
lines, among which the resonance line is 
to be found, are marked in the diagram 
of Figure 13 by heavy arrows. The missing 
lines which are necessary for completing 
Tthe transition from Ihe ground 

_ ^ X • T state via the intermediate levels 75 and, 

for the fluorescence of Cs. 77) are marked in the diagram by dotted 

arrows. They do not appear on the spec- 
trograms because of their great wavelengths, but they are certainly 
present in the emission spectrum. This is also true for the second 
component of the resonance doublet 8943. 5A ^^‘'^ 1 / 2 )^ ’'^hile 

the second component of the doublet S^Pg^g -> actually cannot 

be emitted, because the transition S^Pg/g-^ S^^i /2 not occur (J25). 

The presence of the D-lines in the fluorescence spectrum of sodium 
vapor irradiated with the line 3303A had been observed by Strutt 
(Lord Rayleigh) much earlier (i593J594)^ This line is one of the 
components of the second doublet of the main fseries of sodium and 
corresponds to the transition ^Pii 2 ~^^^if 2 ’ coincides sufficiently 
closely with the zinc line 3303.7A, which could be used for the purpose 
of exciting the sodium vapor. It was this observation which induced 
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Bohr to assume that a stepwise return to the ground state is not 
effectuated directly over a forbidden transition (4P-^3P), but via 
intermediate levels like 4S or 4Z). In Strutt’s experiment, which was 
executed in vapor of relatively high pressure, the transition 4P 3P 
might have been caused by collisions and this explanation seemed 
even to be made plausible by the great width of the D-lines, which 
would then have been caused by the Doppler effect. However, such an 
interpretation can no longer be upheld from the theoretical viewpoint, 
and later experiments which were performed at lower vapor pressures 
gave the same results with regard to the emission of the l)-lines without 
showing an unusual broadening of the lines {1340) . 

If thallium vapor is illuminated with the full radiation emitted 
by a thallium lamp, many higher series lines are observed in the 
fluorescence spectrum. These lines and the corresponding transitions 
are collected in Table 3. Since the spectrograms were obtained without 


Table 3 

Fluorescence Spectrum of Thallium Excited by the Radiation 
FROM A Thallium Lamp 


Wavelength in A . . 

5350 

3775 

3529 

Transition . . . . 

7^‘^i/2“^*P3/2 


6^Pi/2“6*Pi/2 

Wavelength in A . . 

3519 

3230 

2922 

Transition . . . . 



^^Pz!2~~^^Pzj2 

Wavelength in A . . 

2918 

2768 

2580 

Transition . . , . 

^^Phl2~^^Pzj2 



Wavelength in A . . 

2380 



Transition . . . . 





spectral resolution of the primary radiation, it is impossible to de- 
termine which of the individual lines were stimulated by light of the 
same wavelength and which were due to stepwise emission. 

Fluorescence can be excited in He by the radiation from a hot 
cathode discharge in helium gas at a pressure of about 1 mm ; the ob- 
servation chamber must be separated from the discharge tube by a 
window which is transparent to short-wavelength u.v. Lee’s and 
Skinner’s earlier experiments have been confirmed by Maurer and 
Wolf. They obtained numerous lines of the parhelium spectrum 
(singlet spectrum of He; compare the term diagram of Figure 17). 
The lines 5015 and 2964A are the strongest in the fluorescence 
spectrum, the line 3819 is somewhat weaker and 5^Pi 

2^So); in this case atoms can be transferred by absorption of light 
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exclusively to ^P^-states because deviations from the selection rules 
do not occur. The fact that a few rather weak lines starting from D- 
levels and a few lines belonging to the orthohelium system were also 
observed, was, according to the authors, due to collisions of the second 
kind {8y6,877 ,9go,ggi). (Compare also Section 19). 

In the emission spectra of particular stars in nebulae, the ortho- 
helium lines have an anomalously large intensity as compared to the 
parhelium lines. It is assumed that this abnormal intensity distribution 
is due to the fact that only the lines of the singlet system are excited to 
fluorescence by absorption of the underhing continuous radiation. 
WTien the emission is due to recombination of helium ions with 
electrons, the singlets are much weaker than the triplets {147-149). 

Lau and Rcichenheim ascribe a strong emission of the Balmer 
lines Ha and Hy (2P->25 and 3P->2S) in a hydrogen discharge 
tube to a fluorescence excitation caused by the absorption of the corre- 
sponding Lyman lines {2P -> IS and 3P IS) in normal hydrogen 
atoms. An excitationby collision with electrons seemed to be impossible 
under the experimental conditions. Phenomena of this type may be 
rather frequent in gas discharge tubes, if light emission is observed in 
the space outside of the path of the discharge itself (corona) { 86 g). 

Astrophysics provides other examples of a stepwise return from 
an excited state reached by irradiation, and of the correspondent 
emission of several lines by the excited atoms. The spectra of nebulae 
contain certain groups of lines of relatively high intensity, the origin 
of which was unexplained until Bowen realized that they belong to 
doubly ionized oxygen and nitrogen (Ci III and N III). The line pro- 
ducing the excitation of oxygen is the He Il-line 303. 78A. The 
complete course of the absorption and emission processes can be 
easily understood by means of the diagram of Figure 14, in which all 
actually observed oxygen lines are rendered by heavy arrows. The 
resonance between the He-line and the absorption line of O III is 
complete if the Dopplei* width is taken intoaccount. A similar resonance 
exists between the emission line 374.436 of O III and the absorption 
doublet 374.434/442A of N III, which explains the subsequent exci- 
tation of the lines of N III indicated in the right-hand part of the 
diagram of Figure 14 ( 148 ). 

17. Stepwise Excitation. If an atom is raised to an excited level 
by some mechanism for instance, by the absorption of the resonance 
line, or by the collision of the atom with an electron it is able to absorb 
lines belonging to new series starting from that excited state, before 
it returns spontaneously to the ground state. These new absorption 
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lines do not occur in the normal absorption spectrum of the atom, and 
from the higher excited states reached by this process a great number 
of “secondary” lines can be emitted as fluorescence. This process can 
even be repeated several times : the levels reached by the emission of 
the secondary lines become the starting points of new absorption 
processes which, in turn, lead to the emission of tertiary fluorescence 



Fig. 11. Energy level diagram of O III and N Ill-lines in the spectra 

of stellar nebulae. 

lines. The intensities of the tertiary lines are small, in general, unless 
the secondary emission brings the atom into a metastable state, as, 
for instance, the states 6 ^Pq or mercury (Figure 15). In the 

absence of other perturbations the atoms must remain in these 
metastable states until they are dislodged from them by the absorption 
of radiation. 

Stepwise excitation was discovered by Imechtbauer in mercury 
vapor { 432 ) and has been investigated extensively by Wood, who used 
a much improved experimental setup. The mercury vapor is contained 
in the quartz tube R (Pig. 16 a) and is excited by the resonance 
radiation of a cooled mercury arc lamp I. The second mercury lamp II 
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is not cooled and is unable to excite resonance radiation because of 
the self-reversal of the line 2537A in its emission spectrum. As Fuecht- 
bauer has shown, lamp II produces no effect at all in tube R, unless 
some of the mercury atoms in R are transferred into the state by 



the radiation from lamp 1. If, on the other hand, the total radiation of 
lamp I alone is used for excitation, all transitions shown in Figure 
15 by solid lines are observed in the fluorescence of R. Various 
combinations of exciting lines can be selected by interposing filters 
between R and the two lamps; as soon as the resonance line is con- 
tained in the spectrum of the primary light, all lines which can be 
expected are present in the fluorescence spectrum. The relative in- 
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tensities of these lines depend to a large extent on the nature of the 
lines which ate transmitted by the combination of filters used. The 
triplet p 3 -> 6^7^* wavelengths 3663, 3655, and 3650A, 

may be discussed as an example. For producing secondary fluorescence 
of any appreciable intensity, the exciting radiation must contain, in 
addition to the resonance line, at least one of the lines 3131, 3126, or 



lug. IGa. Wood’s setup for the ob- 
servation of stejnvise excitation of 
mercury fluorescence. 

/: water-c'ooled Hg-lamp. R: 
resonance lam]). .S'; slit (If 
spectrograpli. //: hot llg- 
lamp. J'j and /a,: tillers. 


ro rO rO 



h'ig. 1Gb. Ste[nvise excitation of the 
u.w Hg-tri])let (R. W. Wood). 

(T) excited by Hg-nidiation of 
7. <C -lOOOA. (2) (‘xcitcnl by Hg- 
radiation including tlu' lint' 
i:ir>sA 


4358A, all starting from the level 6^/\. Other transitions starting from 
this level correspond to absorption lines of relatively small intensity. 
If light of all wavelengths above 4000A is removed from the spectrum 
of the primary radiation by means of filters, “secondary ab.sorption” of 
the lines 3131 and 3126 raises the atoms from the state 6‘^/\ to the 
states 6^/)j and from where the triplet lines 3663 and 3655A 

can be emitted. By these emission processes, atoms reach the meta- 
stable state 6^ 7^0 and are now able to absorb in a tertiary process all 
three of the triplet lines and eventually to re-emit them again. This 
tertiary emission, however, is very much more improbable than the 
secondary processes, and, furthermore, the initial state from which 
it starts is produced by the secondary emission of the two other 
Pringsheim 2* 
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triplet components only. Therefore, the intensity of the third com- 
ponent of the triplet {3650A) is very low as compared with the two 
others. If the line 4358A is transmitted through the filters, atoms 
are raised by absorption of this line to the level 7‘\S\ and subsectuently 
drop by secondary fluorescence emission of the line 5461 A to 
From there, they are able to absorb any one of the three triplet lines 
and thus to reach the states 6 ^Z)j, the only possible 

transition from 6 ^ 7)3 is to G^Pg- while the atoms can leave the two other 
G^Z)-levels by several allowed transitions. Accordingly, the line 
3650A is now the strongest of the triplet in the fluorescence spectrum 
{462jS8g,igo3) (Fig. 1Gb). 

'i'hese theoretical results, as well as other conclusions derived from 
the selection rules, are in good agreement with Wood’s photometric 
measurements. Simultaneously with the triplet component 3663A, 
the “intercombination line” 5769A, corresponding to the possibh', 
though little probable, transition G-'^/)^ -> 6 ^ P^, was obtained by Wood, 
with relatively small intensity. Other intercombination lines, G^Pg 
G^Pg (3G62.9A) or 7hSo->G^i\ (4078A), were observed in the secondary 
fluorescence spectrum of mercury vapor by Terenin, who employed an 
experimental arrangement similar to the one used by Wood 

If fluorescence is excited stepwise, the intensity distribution in 
the emission spectrum must depend on the relative intensity of the 
lines in the primary radiation and its modification by the use of 
selective screens. If the total intensity of the primary radiation is 
altered, for instance, by increasing the distance between the arc 
lamp and the fluorescence tube, or by interposing a wire-gauze filter, 
only the intensity of the primary resonance radiation is proportional 
to the first power of the intensity of the exciting radiation, while the 
intensity of the “secondary lines’" (e.g. 3655 A) varies with the square, 
and that of the “tertiary lines” (e.g. 3G50A) varies with the third 
power of the primary intensity. 

In the presence of foreign gases, especially of nitrogen, mercury 
atoms which have been raised to the state G^P^ by absorption of the 
resonance line are transferred into the contiguous state G^P^ by 
collisions with the molecules of the foreign gas. (The mechanism of this 
process is dealt with in Section 37). The state G^P^ being metastable, 
a relatively large number of atoms remains in this state. Therefore, 
the absorption lines which originate from have great intensity 
and the fluorescence excited stepwise by the full radiation of a 
mercury arc is much stronger under these conditions than in pure 
mercury vapor. Table 4 reproduces some of the values published by 
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Wood comparing the intensities of lines obtained in pure mercury 
vapor and in tlie presence of about 2 mm of nitrogen {i88g). 

Table 4 

Ratio of Intensities (A^) of Mercury Fluorkscknce Lines Excited 
BY the Total Radiation of a Mercury Arc in Pure Mercury Vapor 
AND IN THE PRESENCE OF 2 MM NiTROGEN 


I'lrial state 


GH*, 


G“Po 

Initial state 

A(A) 

A-^ 

A (A) 

1 

A-i 

' A (A) 

A-i 

7»S, 

5461 

32 

4358 

16 

4046 

8 


3341 

5 

I 2894 

8 

2753 

16 


3663 


3131 

16 

2967 

4 


3654 

1 

3126 

2 

i — 

— 


3650 

]{) j 

— 

— 

— 

— 


P'or a complete interpretation of tliese intensity ratios, a very 
thorougli discussion of the experimental conditions prevailing in 
every instance is necessary. Gaviola, who treated the problem, found 
that tlie observed results could be explained in evT^ry case by plausible 
assumptions {462,iyi6jgoj). For instance, an increavsed emission of 
the line 5641 A increases the number of atoms in tlie metastable state 
the 6^7Yatoms can be excited once more and thus contribute to 
some new emission process with an intensity proportional to a higher 
power of the primal y radiation. Imithermore, the reabsorption of 
some of the fluorescence lines by the mercury vapor is not quite 
negligible; and finally, a certain amount of genuine quenching (com- 
plete loss of energy) caused by multiple collisions of metastable atoms 
with the foreign molecules may occur. With pure nitiogen, however, 
such collisions do not seem to be of great importance, since Wood was 
able to observe fluorc.scence emission of the “forbidden” line 2665. 8A 
6i5o) in the xit^csence of several mm of nitrogen. Because of 
the low transition probability, this line can be emitted only if the 
unperturbed life of the metastable atoms is comparitivcly long. The 
intensity of the forbidden line is proj^ortional to the intensity of the 
resonance line in the pi imary light ; its appearance is caused by a single 
process of absorption {igo2), (For more details concerning the forbidden 
line compare Section 22). 

Bender observed stepwise excitation of fluorescence in cadmium 
vapor: the results were analogous to those obtained by Wood in pure 
mercury vapor. When excited by the total radiation of a cadmium 
lamp, the fluorescence spectrum contained, apart from the resonance 
Pringsheim 2** 
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line 3261 A many lines originating from the higher 

excited states. Among these, the secondary lines starting from the 
levels which are reached directly from weie again much more 
intense than the tertiary lines. It is noteworthy that in Bender’s 
Cd-spectra all lines belonging to the singlet system are missing: 
becauvse of the small probability of intercombinations in the case of 
cadmium, these lines should be emitted almost exclusively, if cadmium 
atoms undergo stepwise excitation after having reached th(^ state 
5^Pi. However the short life of that state, caused by the great tran- 
sition probability -> 5^^^, reduces the probability of absorption 
processes which otherwise would originate from it (pj). 

This interpretation does not agree witli Bender’s observation 
that in zinc vapor excited by the total radiation of a zinc arc, the blue- 
green triplet -> 4^Po. 1 2 (4810, 4722, 4680A) and the red singlet 
line 4 ^ 1 ) 2 ->4^Pi (6362A) have practically the same intensities. It is 
possible, however, that in tliis case the short lifetime of the state 4’Pi 
is compensated by the very small probability of the transition 
4^Pi ^ 4^So. The primary stages in the stepwise excitation of the 
triplet lines and of the singlet line can only be the states 4‘^T\ and 
4^Pi, respectively. 

If thallium vapor is irradiated with thejine 3776A at a tempera- 
ture low enough so that there arc practically no G^Pg/g-atoms in 
thermal equilibrium, the excited atoms are partially transferred into 
this mctastable state by the emission of the green line 5350A (Figure 
9). However, the vapor cannot b(' excited, under these conditions, to 
secondarv fluorescence by absorption of the lines 3519 and 3529 A 
, 3 / 2 <- b^P 3 / 2 ). do these lines acquire an appreciable intensity 
in theabsorption spectrumof the vapor. Thus, the life of the mctastable 
state G^Pgya of thallium seems, even at low vapor pressure of the order 
of 10~^ mm, to be short as compared with that of other metastable 
atoms , (joc??^) . (Compare footnote, page 45). 

18. Combined Electrical’ and Optical Excitation. In principle it 
makes no difference v/hethcr in stepwise excitation the first stage is 
attained by light absorption 01 by electron collision. An electric low- 
voltage discharge produces in mercury vapor not only atoms in the 
state 6^ Pi but also atoms in the mctastable states G^P^ and G^P 2 , and 
because of their long lifetimes these metastable atoms attain relatively 
high concentrations. Therefore, the vapor shows particularly strong 
absorption for the lines starting from the metastable levels, and the 
fluorescence of the visible triplet 7^Sj -> G^P^ 2 ^^.n be stimulated not 
only by absorption of the line 4358A, as before, but as well and even 
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more efficiently by absorption of the lines 4047 and 541 6A. The relative 
intensities of the three components of the triplet do not depend on 
which of the three lines seryed for the secondary excitation : there is 
no evidence for the existence of a separate scattering process apart 
from fluorescence { 441 ). (See Section 33 for further conclusions to be 
draMTi from these experiments). Ga viola has shown that the relative 
intensities of the triplet components do not depend, either, on the 
relative concentrations of atoms in the various 6^Pj-states. This was 
to be expected according to Bolir’s theory, while an erroneous inter- 
pretation of wave mechanics led to a different conclusion.* 

The term systems of the rare gases are very similar to the system 
of meicury: they consist of singlet and tripJet series. The true reso- 
nance lines are situated in the far u.v. and can be observed only witji 
vacuum apparatus. However, the levels nearest to the ground state 
are metastable. In helium the lowest of these is the state which 
is the ground state for the orthohelium s])ectrum. Since intercombi- 
nation lines between the triplet and the singlet systiun of helium do 
not exist at all, the state can become the ground level for genuine 
resonance radiation exactly as the normal ground state of an 
unexcited metal atom. Because of the high degree of their metastabi- 
lity the concentration of tlie metastable helium atoms can become 
rather high in an electric discharge (Figure 17). 

The resonance lines of orthohelium, as discovered by Paschen, 
form a doublet (instead of a triplet), because only two of the three 
2^/^i-levels can be resolved. If helium of a few mm pressure is excited 
by a weak electric discliarge, it absorbs the two infrared emission lines 
10830 and 10829A 2AS\ and 2\S^) of a helium Geissler 

tulxL The two lines are re-emitted by the absorbing gas without 
appreciable loss of energy, according to Paschen ’s measurements. The 
state 2^.S'o of parhelium is also metastable, but the atoms can be raised 
from this level to 2 ^Pi or 3^Pi by absorption of light and from there 
they can return directly to the ground state Therefore, the con- 
centration of atoms in the state 2^5o remains relatively small in the 
electric discharge, and absorption of the line 20582A (2^^^ 2^5^) is 

rather weak ; it is even much weaker in emission because of the com- 
petition of the much more probable transition to FSq (the true 
resonance line of helium). The line 20582A has never been observed 

* G. Hoffmann observed the absorption of the lines originating from the 
levels in electrically excited vapors of cadmium and zinc and the 

absorption of the green line in electrically excited thallium vapor. However 
he made no mention of any fluorescence emission of these lines. 
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in the fluorescence spectrum of electrically excited helium (Jipj). 
(The experimental conditions are particularly unfavorable for ob- 
servations of low intensities, since they cannot be made visually or 



photographically, but must be performed by means of thermopiles 
or bolometersb 

On the other hand, the second doublet of the main series of 
orthohelium at 3839A (3®Py 2^5i) has been obtained by McCurdy 
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in fluorescence, while the analogous line of parhelium at 501 5A was 
again missing. However, a number of orthohelium lines were observed 
by Maxwell in a tube in which, as in Lees’ and Skinner’s experiment 
(see Section 18), helium was excited by a concentrated beam of elec- 
trons, while the spectral observations were restricted to the space 
outside of the path of the electrons. According to Maxwell, lielium 
atoms which have been raised by electron collisions into the higher 
states of the parhelium term system leave the path of the electric 
discharge by diffusion and arc then able to absorb and re-ernit other 
lines of the parhelium spectrum {8y6 ,8yy ,ggT ,gg 2 .gg^) . [The reasons 
brought forward l)y Maurer and Wolf to disprove Maxwell’s expla- 
nation of his experiments are far from being convincing (990).] 

Lau and Reichenheim, also, admit the possibility of stepwise 
excitation in their experiments mentioned at the end of Section 16. 
In this case, the first stage of the process would not be due to an 
electron collision but to the absorption of the Lyman resonance line 
2P<~ LS of hydrogen. The short life of the 2P-atoms is supposed to be 
compensated by their high concentration. Ladenburg had shown 
much earlier, that the lines of the Balmer series are absorbed with 
high efficiency by electrically excited hydrogen {S6g). 

However, stepwise excitation is, in general, important only wLen 
metastable states come into play as in the case of mercury and 
the rare gases. The system of the lower terms of neon is in all respects 
analogous to that of mercury, although the energy differences between 
the ground state and the lowest excited levels are much larger. Like 
mercury, neon has two genuine resonance lines corresponding to the 
transitions from the ground state 2kS'o to2^Pi, 2^Pi (\s^ ISginPaschen’s 
older notation). They are .situated in the far u.v. and have, so far, 
been ob.served only under electric excitation. Two further 2iMevels, 
2^Pq and 2^P2 (L3 and 1%, according to Paschen), are metastable, as 
in the case of mercury; neon atoms can be raised into these states 
from the ground state by electron collisions and comparatively large 
concentrations of such metastable atoms are present in equilibrium in 
an electric discharge through neon. If the total radiation of a neon- 
filled Geissler tube is focused into the space adjoining the path of 
the electric discharge in a neon glow lamp, this radiation excites a 
secondary fluorescence which is completely analogous to the secondary 
fluorescence of mercury, described previously. All those lines occur 
which are emitted from levels reached by absorption of atoms in the 
four P-states and particularly in the metastable states. Line 6402A 
2'^P^ is of especially great intensity. This line is the genuine 
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resonance line of the metastable state 2 ^P 2 - commercial neon glow 
lamps, the discliarge proper is surrounded by a red luminescence; De 
Groot explained it as a phenomenon of secondary fluorescence in the 
electrically excited gas. "fhe stepwise-excited fluorescence of neon can 
be demonstrated even better in a “Hertz lamp.” This is a tube filled 
with neon of low pressure and equipped with a hot filament cathode ; 
the electrons from the cathode are accelerated through a grid into a 
field-free observation chamber. If the accelerating voltage on the grid 
is large enough, the visible neon lines are stimulated by electron 
collision in the observation chamber. If the voltage is below 18 volts 
but larger than 16, the i^-states alone are excited and red and orange 
lines appear as secondary fluorescence, if the Hertz lamp is irradiated 
with light from another neon discharge tube. If, under these con- 
ditions, the exciting radiation contains only the line 6402A, this 
resonance line is also the only one emitted in fluorescence { 26 ^, 311 , 
433 , 1008 ). If the grid voltage drops below 16 volts, fluorescence is 
produced neither by electron impact nor by optical excitation. 

By the same method, the emission of a great number of red and 
infrared argon lines and of some xenon lines was observed as secondary 
fluorescence in electrically excited argon and xenon, corresponding to 
transitions between terms analogous to those in neon [ 4 y 3 , 1008 ). 


C. The Absorption and Emission Process 

19. Absorption of Primary Radiatioif. Resonance radiation has 
been discovered by Wood in the vapors of mercury and sodium, and 
the phenomenon has been investigated in these two vapors more 
thoroughly than in any other vapors or gases. This is due rather to 
the fact that adequate light sources were available, than to the rela- 
tively high vapor pressures of the metals at low temperatures. The 
vapor pressures needed for the excitation of resonance radiation are so 
low that they can be obtained for many other metals without great 
difficulties. Mercury resonance radiation is already very strong at 0"^ C 
{p = 1.9-1 0”*^ mm) and can be observed down to temperatures of 
— 50° C {p < 10“® mm). In sodium vapor all measurements can easily 
be performed visuaU}' at 100° C (p ^ 10^’ mm) if a suitable source of 
primary light is used. Since low vapor pressure is essential for ob- 
taining pure experimental conditions, the absorption lines of the vapor 
are exceedingly narrow and only the central parts of the lines emitted 
by the primary light sources contribute to the excitation. If great 
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amounts of ; sodiiiiti chloride are injected into a Bunsen flame, its 
yellow radiation becomes much brighter without increasing the in- 
tensity of the resonance radiation which it excites in sodium vapor. 
It is well known that higher sodium concentration in the flame 
increases only the width of the D-lines, but not the intensity in the 
center of the lines (i86oj866). 

[The occurrence of the D-lines in the light of the night sky is 
greatly enhanced during a short period immediately after sunset and 
before sunrise and has been interpreted by Bernard, Bricard and 
Keistler, and others as resonance radiation excited by sunlight in a 
layer of sodium vapor at an altitude of about 75 km. Because of the 
improbability of the presence of free atomic sodium in the high 
atmosphere, others ascribed the phenomenon to the photodissociation 
of NaCl into Cl -j~ Xa (3-P) with subsequent emission of the atomic 
sodium lines (sec Sect. 70). An argument in favor of the first hypo- 
thesis is seen in the sharpness of the lines: their width is, according 
to their absorbability is sodium vapor, far less than 0.03A and corre- 
sponds to the Doppler effect at 240'' K. If produced by photodissoci- 
ation of sodium chloride the .lines would have an appreciably greater 
width, because some of the molecules would absorb light quanta of an 
energy exceeding the heat of dissociation of X^aCl. This argument is not 
quite convincing, liowever, because the energy distribution in the 
spectrum of the sun must slope very steeply at the wavelength of 
1 700A which is needed for the dissociation process, so that light of still 
smaller wavelengths would contribute very little to the reaction. An 
unequivocal solution of the problem would be provided by a determi- 
nation of the altitude at which the phenomenon takes place : light of 
wavelengths equal to, or smaller than, 1700A cannot penetrate to an 
altitude below 100 km. On the other hand, it may be possible to 
explain the existence of atomic sodium in the atmosphere at an altitude 
of 75 km by the presence of atomic oxygen, which would automatically 
maintain a certain concentration of sodium atoms by the continuous 
reaction {g4,i6y,ig5jg6,205,2i6,26g,42y,y3oa,y3ohjy6g ) : 

Na H- O NaO; NaO + O -> Og -f- Na; Na 4- O -> NaO . . .] 

WTien, in his earliest experiments, Wood used a commercial 
high-pressure mercury lamp, resonance radiation was excited in 
mercury vapor only during the first few seconds after striking of the 
arc. With rising temperature of the lamp its radiation, including the 
line 253 7A, became stronger, but the intensity at the center of this 
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line decreased and dropped, because of self-reversal, eventually to 
zero (1866). 

At very low vapor pressures in the resonance tubd, the absorption of 
the primary radiation is snaall and the resonance emission can, there- 
fore, be observed over a relatively long path of the exciting beam. 
Since the secondary absorption of the resonance radiation in the vapor 
is insignificant, a sharply delimited beam of light is produced, with 
slowly diminishing intensity along its path (‘‘beam fluorescence”). 
The intensity of the mercury resonance decreases to about 50 % after 
the exciting ray has passed through 0.5 cm of mercury vapor at room 
temperature [p 10“^ mm). From these data, Wood derived an 
approximate absorption coefficient of the exciting radiation, but he 
himself pointed out that the absorption does not follow a strictl}" 
exponential law. According to Goos and Meyer, the apparent “ab- 
sorption coefficient A’” determined by this method decreases con- 
tinuously with increasing distance d from the entrance window. From 
one of their photographs, for instance, A was calculated to be 1.8, 1.5, 
and 1.2 cm"^ for distances d — 3, 6, and 9 cm respectively. The dif- 
ferent parts of the exciting line are not equally absorbed in the vapor, 
the absorption being much stronger for the center of the line than for 
the outer parts. The width of, and the intensity distribution in, the 
exciting line are of decisive importance for its absorbability (520, 
1023,1654,1867). 

If the vapor pressure in the resonance tube is increased, the ab- 
sorption of the primary and of the secondary radiation becomes 
stronger. Therefore, the resonance intensity along the exciting beam 
decreases more rapidly and, at the same time, the luminosity becomes 
more and more diffuse, until it fills the whole volume of the tube 
(volume fluorescence). Eventually the phenomenon is concentrated 
within a narrow layer adjoining the entrance window; the “volume 
fluorescence” is transformed into “surface fluorescence.” This state is 
reached in saturated sodium vapor at about 300° C and in mercury 
vapor somewhat below 100° C [322,1874). 

If the fluorescence of thallium is excited by lines which are 
absoibed by atoms in the ground state insfanefe, the line 

3776A), surface fluorescence is observed exclusively in vapor saturated 
at 900° C (^ ~ 1 mm), while the green thallium line is still able to 
produce fluorescence well inside of the tube ; under these conditions, 
only about one per cent of the atoms are in the state and are 

thus able to absorb the green line. 

In volume and surface fluorescence, the main part of the radiation 
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leaving the tube is not emitted by atoms which have been directly 
excited. In general, the absorbed energy is transferred several times 
from one atom to another before it leaves the fluorescing gas. This 
energy transfer is due not only to rcabsorption and re-ernission, but 
also to so-called collisions of the second kind, which will be dealt with 
in a later chapter. 

20. Fluorescence Yield and Width of Resonance Lines. The yield or 
efficiency of resonance radiation is the ratio of the energy emitted by 
a given volume to the energy absorbed in the same volume. In the 
absence of all perturbations, the whole energy taken up by an atom 
can be re-emitted only in the form of radiation; lumce, tlie efficiency 
0 — 1 is to be exj)ected. The experimental r^^sults, which were ob- 
tained with resonance radiation of different gases and \^apors, have 
confirmed this expectation. Paschen’s measurements on the infrared 
orthohelium lines are probably the most accurate, lie determined at 
first, by means of a thermopile, the intensity emitted by his helium 
resonance lanap in a certain solid angle ; then he focused an image of 
the resonance lamp, by means of a spherical mirror of known aperture 
into the lamp itself, thus increasing the intensity of its radiation, and 
repeated the measurement with the thermopile. Finally, he deter- 
mined the absorption coefficient of the resonance lamp for its own 
radiation. The total yield was thus found to be 95 % { 1193 ). The same 
method was used by (ierlach for the resonance radiation of mercury, 
emplo3dng a photoelectric cell instead of a thermopile. The yield was 
of the order of 100 % in this case also, although the precision was less 
than in Paschen’s experiment, since the reflection coefficient of the 
mirror for the line 2573A was not exactly known. The same result had 
already been obtained by Wood in a more qualitative way. Finally, 
Dunoyer and Wood proved by a very simple and convincing method 
that sodium vapor re-emits absorbed light energy completely as 
resonance radiation. If surface fluorescence is excited in sodium vapor 
at 300° C by the radiation from a sodium resonance lamp, the luminous 
layer has the same brightness as an adjoining perfectly white surface. 
If the exciting resonance lamp is replaced by a sodium chloride flame 
which emits D-lines of much greater width, the white area appears far 
brighter than the surface fluorescence { 324 , 18 ^ 4 ^ 1881 ). [A criticism 
by Vavilov which was brought forward against this conclusion does 
not seem to be justified (compare chapter IV, Section 123).] 

The width of tie resonance lines is determined mainly by the 
temperature of the vapor or rather by the Doppler effect resulting 
from the thermal agitation, as long as the excised atoms are not 
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appreciably^ perturbed by interaction with other atoms or molecules. 
If, as in most experiments, the resonance emission is observed in a 
direction perpendicular to the exciting beam, tlie width and inten- 
sity distribution of the line in the primary light have no influence : each 
atom absorbs radiation onlyof the frequency which, in a system moving 
with the atom, coincides with the center of the line. On the other 
hand, the line width, as seen by a stationary observer, is determined 
exclusively by the Maxwell velocity distribution of the excited atoms 
with respect to the observer. Rump has shown that the width of the 
mercury resonance line increases according to theoretical prediction 
if the temperature of the vapor is altered, while the density in the 
resonance tube and the intensity of the primary radiation are kept 
constant. In these experiments the source of primary radiation was 
another resonance lamp and the relative values of the line width were 
obtained by measuring the absorption of the resonance radiation in a 
cell filled WTth mercury vapor of constant temperature and pressure. 
How^ever, the width of the resonance line leaving the resonance tube 
does not, in general, correspond exactly to the width of the absorption 
line as postulated by theory ; even under the most favorable conditions 
a slight re-absorption of the central parts of the line cannot be avoided, 
d'he intensity distribution of the line resembles very closely a Gaussian 
distribution, but the greater the density and the depth of the r<‘- 
absorbing layer, the more the apparent width of the line exceeds the 
true Doppler width {Tjg4,ig2S). 

If the resonance radiation observed in a direction parallel to 
the direction of the primary radiation, the intensity distribution in th(‘ 
resonance line is closely related ^o the intensity distribution in the 
exciting line; if the exciting line is self-reversed, the fluorescence line 
is also reversed. Under these conditions, the intensity of the resonance 
radiation is less diminished by absorption in a layer of mercury vapor 
when it is observed in the direction of the primary beam than when 
it is observed in a perpendicular direction (Z055). 

If the line width is essentially determined by some sort of pertur- 
bations and not by the Doppler effect, the intensity distribution in the 
resonance line is independent of the exact wavelength and of the 
energy distribution of the exciting line, as long as the wavelength 
of the exciting line coincides wdth a part of the broadened absorption 
line, and as long as the perturbations at the moment of absorption 
and at the moment of emission are independent of each other. If an 
atorn is perturbed by interaction with another molecule and, therefore, 
preferentially absorbs light of a frequency different from the resonance 
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frequency, it emits afterwards light corresponding to the center of 
the resonance line if it has left the sphere of the perturbation before the 
emission sets in. The angle formed by the direction of observation and 
the direction of the exciting beam is, in this case, of no importance for 
the ‘"restoring” of the normal intensity distribution in the resonance 
line. The validity of these conclusions has been proved experimentally 
for the mercury resonance line, which was broadened by the addition 
of an inert gas { 1183 ). 

This “restoring” of the normal intensity distribution in the line 
may be considered as the distinctive feature of resonance radiation as 
compared with Rayleigh scattering -notwithstanding the continuous 
transition between the two phenomena. If the frequency v of the 
primary radiation does not coincide with the cliaracteristic frequency 
v^^ of the unpciturbed atom at rest the “virtual oscillators” of all 
atoms perform forced oscillations of relatively small amplitudes and 
thereby scatter the impinging radiation with low intensity and un- 
changt^d frequency. If v is within the Doppler width or within the 
width of the absorption line caused by a perturbation, the charac- 
teristic frequency of comparatively few atoms having high velocities 
or being strongly perturbed will coincide with v and they will be 
excited to vibrate with large amplitudes. The resonance radiation 
emitted by these atoms will be much stronger than the light of frequen- 
cy V scattered by the other atoms. The Rayleigh scattering prevails 
only in those parts of the spectrum w'here the absorption caused by 
Doppler-broadening or collision-broadening of the resonance line 
practically vanishes. (Compare Section 82). 

The half-width of the I)-lines in the resonance radiation of sodium 
vapor at 300° C has been determined by Dunoyer and Wood and by 
Strutt, both using interferometric methods. The value of 0.02 A which 
they obtained is in good agreement wath the value computed for the 
Doppler width at 600° K under the assumption that the line w^ould 
be infinitely narrow at absolute zero. Under the prevailing conditions, 
the line width w^as exclusively determined by the thermal Doppler 
effect and not b}' radiation-damping nor by external perturbations 
(324.1 591). 

The Doppler width becomes almost negligible if an atomic beam 
of the vapor is excited by a fight beam perpendicular to the atomic 
beam and if the fluorescence is observed in a direction perpendicular 
to either. By using suitable diaphragms for the limitation of the 
atomic ray, the thermal agitation of the atoms in the directions 
perpendicular to the ray can be reduced to a value corresponding to 
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a few degrees K (J07). If the iherciiry resonance line is excited under 
these conditions, its width is of the order of 10~^A and is probably 
caused by radiation-damping alone ; 93.5 % of its intensity is absorbed 
in a layer of 5 mm thickness of mercury vapor saturated at 20" C 
[p — 1.3-10“^ mm) [igig), 

21. Hyperfine Structure. The hyperfine-structure components of 
the D-lincs arc separated from each other by distances not exceeding 
O.OIA. If the temperature of the vapor is sufficiently high for tlie 



Fig. 18, Magnetic resolution. of the hyperfine struc- 
ture of the Hg-resonance line by the Schein method 
(Buhl). Z = transmitted energy. 


obser\^ation of resonance radiation, the hyperfine structure of the lines 
is hidden, under normal conditions, by the Doppler width of the lines. 
However, if the resonance radiation is excited in an atomic beam, the 
hyperfine structure can be resolved (J07). 

The Doppler width of the mercury resonance line is smaller 
owing to the greater atomic weight of Hg and, furthermore, the vapor 
pressure becomes greater at lower temperatures than in sodium vapor. 
Therefore, spectrographic methods of sufficient resolving power show 
the hyperfine structure of the mercury resonance line 2537A in a tube 
containing the vapor at room temperature. Malinowski was the first 
to prove that the line consists of more than one component. In his 
experiments, radiation emitted by a mercury resonance lamp passed 
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through an absorption tube which contained mercury vapor and which 
was placed between the pole pieces of an electromagnet. Stepwise 
increase of the magnetic field shifted the Zeeman components of the 
absorption line. Measuring the absorption of the unshifted resonance 
line in the absorption cell for every field strength, Malinowski obtained 
several maxima and minima of transmitted energy and concluded 
that the line consisted of two or more components with a width of 
about 2 . 3 - 10 “^A and a mutual distance of 3 - 10 “^A {972). Later, 
Wood succeeded in analyzing completely the line emitted by an 
electric discharge in mercury vapor; he used two crossed Lummer- 


RED 29.27 VIOLET 



Fig. 19. Hyperfine structure of the Hg-rcsonance line 
(Schueler and Keyston). 


Gehrke quartz plates and found five approximately equidistant com- 
ponents of equal width {1S90), 

Several investigators confirmed Wood’s results concerning the 
structure of the line also when the radiation was excited by resonance. 
Schein came to the same conclusion by improving Malinowski’s 
method, and Buhl improved it even further by using, as primary 
radiation, a single hyperline-structure component which was isolated 
by a “Mrozowski filter” (Section 9 ). Figure 18 shows the intensity 
transmitted through the resonance lamp as a function of the applied 
magnetic field (18^,643,1078,1420-1422). 

The complete hyperfine-structure scheme of the mercury line 
2537 A is reproduced in Figure 19 , in which the distances from the 
central component are plotted as abscissas, the units being thousandths 
of an Angstrom. The existence of hyperfine structure is due to two 
causes. The energy levels of the seven mercury isotopes, which are 
listed in Table 5 according to Schueler and Keyston, have slightly 
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Table 5 

The Isotopes of Mercury 


Atomic 

weight 

Relative 
amount in % 

Nuclear 
spin i 

Atomic 

weight 

Relative 
amount in % 

Nuclear 
spin i 

204 

6.85 

0 

201 

13.67 

3/2 

202 

29.28 

0 

199 

16.45 

1/2 

200 

23.27 

0 


30.12 


198 

9.89 

0 




196 

0.10 

0 





69.39 






different energies. Furthermore, the terms of the mercury isotopes 
of odd atomic weight (‘'odd isotopes’'), consist Of 2i -f 1 or 2/ -f- 1 



of Hg [Boggs and Webb ( 126 )] 


sublevels (compare Section 13). The hyperfine-structurc terms of the 
lower levels of the mercury isotopes are represented in the diagram of 
Figure 20. The term schemes for the five even isotopes are similar, 
but the absolute heights of the levels differ. Some of the energy 
differences, however, are so small that the corresponding lines cannot 
be separated even with instruments of highest resolving power. In 
Fig. 19, components of line 2537A which belong to even isotopes 
are designated by the symbols X 202 , etc., those belonging to 

Hg^oi by a, h, c, and those belonging to Hg^®® by A and B. Lengths of 
the lines in the diagram correspond to the intensities of the components. 
The diagram shows, furthermore, why the line was resolved into only 
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five components by Wood and other investigators. All details con- 
cerning the width and the intensity distribution of the lines apply 
without alteration to the individual components of the hyperfine 
structure. ' 

Mrozowski succeeded in exciting some of the hyperfine-structure 
components of the line 2537 separately by resonance, using the '‘filter 
method” described in Section 9. According to the magnetic field 
strength and the orientation of the polarizers, he obtained practically 
only the component ■ -25.4,* or the components -10.4 and -i- 21.5, 
or the components 0 and H- 11.5. The various components which have 
unequal intensities in the emission spectrum also have different ab- 
sorption coefficients in mercury vapor of constant density. (This is a 
further reason for the nonexistence of a homogeneous absorption 
coefficient of tlie resonance radiation in mercury vapor). The relative 
intensities of the hypi^rfine-structure components vary in a resonance 
lamp, along the beam of the primary light, since at sufficiently low 
vapor pressuies (so that collisions during the life of the excited states 
are excluded) every component is emitted only insofar as it is directly 
excited by absorption [loyi). 

P'igure 20 shows, furthermore, that the hyperfine structure of the 
triplet lines ( / -- 0, 1,2, : 5461 A, etc.) which can be ex- 

cited by stepwise absorption is much more complicated. The relative 
excitation probabilities are now different for all components in each 
of the two stages (G^P^ GfiS^ and 6'^Fj^), and thus the relative 

intensities of the hyperfine-structure components can differ widely in 
the exciting and in the fluorescence radiation (i^6). The weaker com- 
ponents, in particular, are apt to be practically missing in the fluo- 
rescence spectrum because they are little absorbed in the resonance 
lamp. If the radiation from a mercury lamp passes through a tube 
containing a mixture of Hg-vapor and No in which metastable mercury 
atoms are produced at a high concentration by irradiation with the 
resonance line, the absorption of the lines 4047 and 2752A, both 
originating from the state 6^7^, does not obey an exponential law with 
increasing length of the absorbing layer because of the unequal ab- 
sorbability of the various hyperfine-structure components of these 
lines (five components in the case of 4047, two in the case of 2752) 
(231a, 1254, 1233), 

Terenin was the first to mention these relations. Later, Boggs and 

* According to Ellett it is impossible to isolate completely this comp^aent 
by the Mrozowski method; the filter alweiys transmits simultaneously the 
component -f- 21.5 with about the same intensity. 
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Webb computed the relative intensities of all hyperfine-structure 
components of the lines 5461, 4358, and 4047A under the assumption 
of stepwise excitation and they obtained excellent agreement with the 
experimental results. They supposed the intensity distribution in the 
primary radiation to be completely free from self-reversal and the 
primary radiation to be completely absorbed in the fluorescing vapor 
(126), 

Apart from the extensive observations on mercury vapor, the 
only investigation of the hyperfine structure of a line excited by 
resonance dealt with the zinc line 3076A. It was not possible to resolve 
the individual components of the line by means of the Malinowski- 
Scheibe method; however, tlie line width was found to be about twice 
as large as the Doppler width of a single line. Billeter assumed that 
the components belonging to the three even isotopes (Zn®^, Zn®®, and 
Zn®®) overlap, because the distance of the outer components from the 
central line does not exceed 1.75- 10~A\. The relative abundance of the 
only odd component is not more than 4 % and, therefore, it can practi- 
cally be neglected so far as its contribution to the resonance radiation 
is concenied [33,110-112). 

22. Experimental Determination of Lifetime r. The mean lifetime r 
of the excited state of an atom has been defined in the Introduction as 
the time during which the intensity of its radiation decreases from 
to 1 Z^is the intensity at the moment when the excitation process 
is ended, r can be computed from the natural width of the line 
('Tadiation-darnping’’) or from the absolute intensity of the line in the 
absorption spectrum (“oscillator strength”)^ using the theory of 
dispersion. These calculations are based essentially on absorption 
measurements, even if resonance lamps are used for the production of 
radiation, and, therefore, are not to be dicussed here.* Some of the 
values obtained in this way are given for comparison in Table 11. 

Since the lifetime of a resonance line in the visible part of the 
spectrum may be expected to be of tlie order of 10“® sec, it is obvious 
that no afterglow could be observed in optically excited sodium or 
mercury vapor by any of the earlier methods. Not only did the 
mechanical phosphoroscopes fail, but Dunoyer was also unable to 
observe a shift of the luminescent spot in an atomic beam of sodium, 
in which resonance radiation was excited by irradiation (Figure 21) 
{323). The average atomic velocities at the temperature which he used 

* For a full discussion of these and other methods, the reader may be 
referred to Mitchell and Zemansky's Resonance Radiation and Excited Atoms, 
chapter III. 
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are of the order of 10^ or 10^ cm per sec, and since a displacement of 
the upper edge of the luminous spot by less than 10"^ cm could not be. 
detected, his experiment proved that 10~® sec was the upper limit ofr 
The lifetime of the very “improbable” intercombination resonance 
line of cadmium (3261 A, 5hSo) is larger than this value; it was 

actually possible to obtain the lifetime t ™ 2.5- 10~® sec for this line by 
means of Dunoyer’s method, 
while the singlet resonance line 
of cadmium (2288A, 5hSo) 

is far too short-lived for an ex- 
periment of this kind. The life- 
time of the intercombination 
line of zinc (3076A. VS^) 

is considerably longer (compare 
Section 14) but its transition 
probability is very low and the 
efficiency of resonance excitation 
is so small that the failure to 
detect an afterglow in anatomic 
ray of zinc vapor is easily ex- 
plained {1532 J 533 )- 

The mean life of the metastable state into which mercury 
atoms are transferred by the absorption of the resonance line and a 
subsequent collision with a nitrogen molecule is so long that it is 
accessible to measurements with a Becquerel phosphoroscope. It is 
possible to determine the period during which the visible triplet 
7^5i -> G^Pq 1 2 excited “stepwise” in the vapor after the 

irradiation with light of wavelength 2537A has been interrupted. 
Furthermore, the line 253 7 A itself shows a measurable afterglow 
originating from atoms which are raised fiom the metastable state to 
the level 6^ Pi by a renewed collision with a nitrogen molecule (2^,28, 
1252,1233). The values of t determined in this way are of the order of 
magnitude of 10~^ to 10"**^ sec; however, they do not correspond to 
the genuine “natural lifetime” of the metastable state, but only to its 
lifetime under the specific experimental conditions, such as quenching 
collisions, diffusion to the walls, etc. The true life of the state G^P^ of 
the even mercury isotopes in the absence of all perturbations would be 
infinite. Mrozowski proved by observation of its hyperfine structure 
that the emission of the “forbidden line” 2656A (6^Po-> 6^Sq) occurs 
exclusively in the odd mercury isotopes. For these, the strict selection 
rule mentioned in Section 13 is invalidated so some extent by the 



Fig. 2 1 . Excitation of resonance radi- 
ation in an atomic beam( Diinoyer). 
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influence of the nuclear spin, so that the natural lifetime of their 
metastable state is of the order of magnitude of one second. Con- 
sidering the great effective cross section of energy transfer between 
excited states of nearly equal energy (see Section 35), the energy stored 
in the 6®Po-atoms of the even mercury atoms has a hundred percent 
probability of being transferred to an odd isotope even at low vapor 
densities and thus the lifetime of all mercury isotopes in the G^lVstate 
is only of the same order of magnitude as that of the odd isotopes 
[loyijoSi). 

Experiments on the lifetimes of metastable states of other 
elements yielded similar results, but since these experiments consisted 
in absorption measurements in electiically excited gases, the\' are 
beyond the scope of this book. 

The equation for the relation between fluorescence yield and life- 
time (Section 4) was derived by Stern and Volmer originally with the 
purpose of determining the lifetimes of excited states. In order to 
obtain quantitative results, they assumed that every “gas-kinetic 
collision” between an excited and a quenching molecule* is a 
“quenching collision.” It was shown later that this assumption is not 
correct in general, and, therefore, the principle is better adapted for 
finding the “effective quenching cross sections” of molecules if tlu‘ 
values of r have been determined by other measurements 

The measurement of the degree of polarization of resonance 
radiation in magnetic fields provides a method which has been applied 
most frequently and successfully for the determination of the lifetim.es 
of excited atoms in fluorescent vapors; this method is treated in Part 
E of this chapter. As far as the fluorescence of monatomic vapors is 
concerned, fluorometers have been used only in the case of the D-lines 
of sodium, for which Hupfeld obtained a lifetime t ™ 1.5-10“® sec, 
while Duschinsky found by the bame method the appreciably smaller 
value of T ==:■- 0.8- 10“’® sec. Duschinsky performed his experiments at a 
vapor pressure of 2- 10“® mm (saturated at 135° C) ; he assumed that 
at the higher vapor pressure of 8- 10“® mm (saturned at 190° C) which 
subsisted in Hupfeld’s experiments the resonance radiation was partial- 
ly “imprisoned,” thus increasing the apparent duration of the emission 
process. Such an effect must actually occur, as will be discussed in the 
next section, but it is doubtful whether it can be made responsi- 
ble for the discrepancy between the two measuremenss. All other 
methods by which the lifetime of the 3P-states of sodium can be 

* a, in Equations (5)~(7), section 4, is in this special case the probability of 
quenching, i.e., the number of quenching collisions per second. 
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determined, produce values of r which are in much better agreement 
with Hupfeld’s than with Duschinsky’s results {326,642). 

Gaviola, and in more detail Weisskopf and Duschinsky, have 
discussed the question whether the results obtained by means of a 
fluorometer correspond to the real lifetimes of the excited states in 
resonance radiation; they all come to the conclusion that, under the 
prevailing experimental conditions, the method can be applied (J27, 
328,1813,1815). 

23. “Imprisoned Radiation'’. Recoil of Excited Atoms. K. T. 

Compton, H. W. Webb, and at greater length E. A. Milne, have 
treated the problem of a radiation which is “imprisoned” in a volume 
of vapor because of multiple reabsor})tion and re-emission ^processes. 
It is a typical diffusion problem (2J2,.^57, 590, 765, 766, jo joa). The result 
of the mathematical treatment is that when the number N of atoms 
per unit cross section betw^een the entrance window for the exciting 
radiation and the exit window for the fluorescence radiation is in- 
creased, the apparent lifetime also increases. N is proportional to the 
vapor pressure p and thickness d of the layer of vapor and, under 
the simplest assumptions, the apparent value of r is directly pro- 
portional to N. The theory has been tested by Hayner and by Zemanski 
for the mercury resonance line and has been corroborated, at least in 
a qualitative way, by the latter.* In his experiments the mercuiy 
vapor, saturated at different temperatures (60 to ISO'^C), was contained 
in plane parallel quartz cells 1.3 and 1.95 cm thick; the cells weie 
placed betw^een the rotating discs of a phosphoroscope, and values of r 
were obtained which were of the same order of magnitude as those 
calculated according to Milne’s theory. However, a comparison of the 
figures collected in Table 6 shows that increasing p 01 d does not have 
the same influence on the value of t. Above a certain pressure, t 
even drops again: collisions of excited atoms with other mercury atoms 
are able to quench the fluorescence. There are other reasons why 
the use of the mercury. line 2537A makes the results of these obser- 
vations rather ambiguous; as a matter of fact, the observed times of 
the afterglow ma}^ be caused by a number of complications quite 
unrelated to the “imprisonment” of radiation, for instance, the transfer 
of excited atoms into the metastable state or the formation of 
Hgg-Molecules and the subsecpient emission of the resonance line 

♦ According to measurements by Webb and Messenger on electrically 
excited mercury \'apor, the time during which the resonance radiation is im- 
prisoned in the vapor becomes about ten times longer if the vapor pressure is 
increased from 10“* to 10"^ mm. [Phys. Rev., 33, 319 (1929)]. 
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following the dissociation of these molecules. These phenomena will 
be dealt with in a later section [2o6,^gojg2j). 

Zehden confirms that the phenomenon of imprisoned radiation 
also begins to be noticeable in saturated sodium vapoi above 170 ^ C, 
but quantitative measurements are not available for this case {ig2i). 

It has been suggested that tho center of a resonance line should 
be displaced appreciably by the effect of many repeated processes ot 
reabsor]:)tion and re-emission (Compton effect of optical radiation). An 
individual scattering process would produce a change in wavelength of 
the order of only 10~C\, but the cumulative effect of a great numbtT of 
such processes was supposed to produce a measurable change in the 
wavT!length of a resonance radiation which had been imprisoned in a 

Table 6 

The Time of Afterglow t of Imprisoned Mercury Resonance 
Radiation as a Function of Vapor Pressure p and of Thiceness 

OF Vapor d 


J (»C) 

p (nun) 

d — 1.30(111 1 d ■■■ 1.93 crn 

A-.10-- 

r-10* jj A -10-’' 

T - 10‘ 

60 

0.026 



1.50 

0.376 

70 

O.050 

1.82 

0.35() 

2.73 

0.704 

80 

0.092 

3.25 

0.518 

4.88 

1.13 

90 

0.163 

5.72 

0.827 

8.59 

1.41 

100 

0.279 

9.44 1 

1.06 

14.2 

1.45 

110 

0.466 

15.3 ! 

1.1 1 

23.0 

1.30 

120 

0.756 

2^1.4 

0.94 1 

36.7 

i 1.04 

130 

1.197 

37.9 

i 

0.74 

56.6 

0.76 


volume of vapor. It can easily be proved, however, that as long as the 
width of the line is determined by the Doppler effect or by collision- 
damping and not by radiation-damping (and this is the case for all 
experiments under discussion), a phenomenon of this type cannot 
occur, because on the a verage the succcvssive Compton cTfects will not 
add up, but will compensate each other {413, T032, 1181b, /183, I 753 )> 
Pritsch has shown experimentally that actually every absorption 
and emission process causes a recoil of the atom and, therefore, must 
also produce a Compton effect. He excited the resonance radiation in 
a narrowly defined atomic beam of sodium vapor by a light beam 
perpendicular to it, as in Dunoyer’s older experiment (Plgure 21). Tho 
atomic ray broadens symmetrically in the plane which is perpendicular 
to the direction of the exciting radiation, because the emission processes 
occur with equal probability in all directions within this plane. In the 
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direction of the exciting radiation, however, an unsymmetrical shift 
of the atomic beam is superimposed upon this broadening, because 
the absorption processes take place only from one side. The effe^cts are 
very minute; they were rendered visible by the displacement of the 
spot where the atomic beam impinged on the leceiving instrument, 
20 cm distant fiom the point of excitation, using the exceedingly 
sensitive methods w'hich have been developed for the investigation of 
molecular beams {440). 

D. Polarization of Resonance Radiation 
in Magnetic Fields 

24. Classical and Quantum-Mechanical Interpretation. The ex- 
istence of a partial polarization of the resonance radiation which is 
excited by ])lane-polarized light has betm the subject of some con- 
tro\'ers\\ Eventually, Wood and Ellett found tliat it depended to a 
large extent on the presence of external magnetic fields which ma\' 
be very weak and (piite accidental, as wvll as on the direction of obser- 
vation and, finally, on the nature of the individual resonance lines 
{351,1 344 j8S8jSi)6). 

'riie vibrations of the electrical oscillators of the Lorentz theory 
must always follow the direction of the electric vector E of the exciting 
radiation, and thus the lesonance light imitted by the oscillator must 
be polarized in the same direction as the primary radiation. This holds 
for any azimuth under which the fluorescence is observed. On the 
other liand, the intensity of the fluolescence is a function of the angle 
of the azimuth ; it has its maximum in the direction perpendicular to 
E and tends, theoretically, tow^ards 0 for the direction parallel to E. 

Even excitation with unpolarized light should produce the 
emission of totally polarized fluorescence in the direction exactly 
perpendicular to the primary beam. In this case, the degree of 
polarization drops to zero if the fluorescence is observed in the direction 
of the exciting ray, while simultaneously its intensity' Ix^comes twice 
as large. 

The absorption and emission of light by an anisotropic oscillator 
having the same frequency in all directions could not be treated by 
means of tlie classical theory without the introduction of rather 
artificial assumptions (compare Section 118). 

The quantum theory in its original form was able to solve the 
problem of the polarization of resonance radiation only for atoms 
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which are subjected to the action of an external directional force, for 
instance, a magnetic field. In the absence of such fields the atoms are 
degenerate with resj)ect to the c[uantum numbers which determine 
their orientation in space. 

Hanle was the first to publish a short note in which he showed 
that Wood’s and Ellet’s striking observations could be interpreted in 
principle as caused by Zeeman effects in the absorption and emission 
processes. Making use only of the classical Lorentz model, he could 
not explain why the behavior of the mercury resonance line and of the 
D-lines differed so widely (570,572). Some time later, several investi- 
gators were able almost simultaneously, to give a complete interpre- 
tation of the experimental observations by means of quantum theory* 
{^59,34Sy35i,6g^ji42jiSoj282,i33g). However, they made tlie as- 
sumption that the spectral terms split in the magnetic field according 
to the inner quantum number /, without taking into account tlie 
influence of the hyper fine structure. Wdiile this supposition yields, in 
general, correct results for the even isotopes, important discrepancies 
occur for odd isotopes, if the magnetic fields are not strong enough to 
produce a Paschen-Back effect of the liyperfine structure. In the 
following sections, this condition is supposed to be realized. However, 
many experiments have been executed with weak or even vanishing 
magnetic field strength; hence, the results sometimes seemed to 
disagree with the theory. These cases are dealt with in Part E (576). 

25. The Mercury Line 25374 as Most Simple Example. Corre- 
sponding to the classical model, the ideal case would be a line showing 
the ‘‘normal Zeeman effect,” a line ot the type -> for instance, 
the singlet lesonancc line of merc^iiy (1849A). A line of this class has 
not yet been thoroughly investigated. No observations dealing with 
the polarization of the mercury line are available, and the publications 
on the corresponding lines of cadmium and zinc are far from Ixiing 
complete. However, for all questions to be considered heie, the type 
represented by the mercury line 2537A is practically equivalent. The 
Zeeman triplet of this line in a strong magnetic field differs from the 
Lorentz triplet only by the “splitting factor” g = the distances 
A V between the outer components and the undisplaced line are ^2 
those in the normal triplet for which Av ^ 4.7-10“'^c*H {c is the 
velocity of light in vacuo and H the magnetic field strength in gauss) . 

If a line of this type is excited by resonance in a magnetic field, 

♦ As a matter of fact, a large part of this explanation was already contained 
in an earlier paper by Foot, Ruark, and Urey, but without applying it to Wood's 
and Ellett's experiments ( 406 ). 
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its behavior can be visualized easily by the assumption that each 
atom Carries three oscillators of equal frequency: a linear oscillator e, 
vibrating parallel to H, and two rotors and rg, rotating in opposite 
directions, with their plane of rotation perpendicular toH. In Figure 22. 
E is the electric vcctoi of the exciting light and JI the vector of the 
magnetic field. The direction of the primary radiation is supposed to 
be parallel to the A'-axis. The figure shows, for certain orientations of 
E and E (case I and case II), how only e or only the rotors r are 
excited, and how, in consequence, 
the resonance radiation should be 
completely plane polarized if the 
direction of observation is parallel 
to the F-axis. W'ood’sandEllett’s 
measurements yielded for the 
degree of polarization p of the 
mercury resonance line the values ^ 

p ~ 90 % in case 1 and_/) — 60 I'ig. 22. Orientation of electric oseiJ- 
incase II. KeusslcrobtainedBO A. lators in a magnetic field H. 
in case I and 67 in case II. The = tlireciion of observation, 

discrepancy between theory and 

experiment, at least as far as the large differences between cases I and II 
are concerned, is partly explained by the fact that the beams of primary 
and of secondary radiation are never strictly parallel. Hence, E is never 
exactly parallel to c or to the plane of the r's. It is easily pioved that 
case II is more influenced by this circumstance than case I [468). 
Keussler’s measurements were made by a photoelectric method and 
were probably more accurate than the older photographic determina- 
tions, inasmuch as he he tried to eliminate all causes which might tend 
to decrease the degree of polarization. He assumed the discrepancies 
betw'cen his results and the theoretical values to be real (80 *^0 in case I 
instead of 100%), and was the first to propose the hypothesis that 
they were caused by the hyi^erfine structure of the line. A degree of 
polarization of nearly 100 % (98.8 ^^o) could be obtained only wlien the 
magnetic field strength was raised to 700 gauss {yyj, yy 4,1062, i8g6~ 
i8g8). 

Similarly, degrees of polarization much below 100% were found 
in weak magnetic fields for the resonance lines of cadmium, zinc, and 
calcium. And again, the polarization of the cadmium line 3261 A 
increased in a strong magnetic field to 95 % or nearly the theoretical 
value. Soleillet has showm that the polarization of this cadmium line 
is the same in stationary vapor or in an atomic ray, if the conditions 
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Table 7 

Degree of Polarization p of the Resonance Lines of 
Cd, Zii, AND Ca 


Metal 

1 • 

Zn 

i C,i 

1 

Wavelength in A 

3201 

2288 

3076 

2139 

1227 

^ in % 

87 

76 

67 

71 

76.5 


of excitation are otherwise the same [153H). Th(‘ rneasiiremerits for 
the calcium line were made under rather unfavorable technical 
conditions (badly defined vapor pressure, presem'e of 3 mm of helium). 
It is, therefore, very doubtful whether the author was justih(Ml in 
extrapolating the experimental results to infinitely low vajior pressures, 
so as to arrive at a limiting value of polarization equal to 95 (J54> 

96cS^J526, 15^9,7567). 

Case II is cylindrically symmetrical with respect to the /^'-axis; 
therefore, the polarization of thefiuorescence is in thiscase independent 
of the polarization of Die exciting radiation. 

If the orientation of H is varied continuously from position 1 to 
position II, it passes through a position III, in which the v(‘rtor K 
excites the oscillators c and r with equal strength ; hence, they emit 
radiation of equal intensity and the fluorescence light is compileteh 
depolarized. For orientations of H between I and III, and between IJ 
and III, respectively the azimuth of polarization is rotated continuous- 
ly from the diiection of the A"-a vis or of the Z-axis, respectively, into 
the direction III, while the degree of polarization drops simultaneoush' 
from its maximum value down tc _/> = 0 . Figure 23 shows the excellent 
agreement betw'een the calculated and the observed values of _/>. 1 he 
points on the curve are the measured values at the angle (p between H 
and Z; the curve itself is derived from the equation: 

p = (7.5 cos^ cp — 3.75 sin^ ^)/(9.5 sin^ (p — 5.75 cos^ 7?) (16) 

The numerical coefficients are chosen so that for (p ~ 0 °, 55 °, and 90 °, 
^ = 79 %, 0 %, and 65 %, corresponding to the values which had been 
observed for these angles {1176). 

Similarly, the degree of polarization of the resonance radiation 
can be worked out for any other relative orientation of H and E, in 
good agreement with the experiments. 

Case IV, in which H is parallel to the direction of observation 
(parallel to the F-axis in Figure 22 ), is of particular interest for small 
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values of H. Only the two circularly j)()larized waves w^hich have 
opposite directions of revolution and arc emitted by the two rotors 
and Zj, arc observed under these conditions. In a weak magnetic field, 
these two components cannot be resolved by ordinary spectroscoj)ic 
methods; none the less, their frequencies are slightly different. There- 
fore, the relation between their jjiases is not constant and the fluo- 
rescence is more or less d(;polarized. If, howe\x‘r, the radiation emitted 


1 

z 



I^dg. 23. Polarization of Hg-resonance radiation 
as a function of cp, the angle between H and E 
(Olsen). 


in the direction of the E-axis by a resonance lamp (with E parallel to 
Z and H parallel to E, according to case TV) is passed through an 
absorption cell containing mercury vapor, the resonance radiation is 
not absorbed if this cell is subjected to a magnetic field H', of equal 
strength but autiparallel to H ; the radiation is strongly absorbed if H 
and H' are parallel. This experiment proves that the apparently un- 
polarized fluorescence of case IV really consists of twu circularly 
polarized, very close components. If the same experiment is repeated 
with H and H' parallel to A" (as in case II), a reversal of the direction 
of H' has no effect on the absorption of the fluorescence radiation; 
this last observation shows that no angular momentum is transferred 
from the circular oscillators to the field of radiation, if the quanta are 
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emitted in a direction perpendicular to the lines of force of the 
magnetic field* (transversal Zeeman effect) (439). 

Kastler has repeated these experiments with the same results 
for the D-lines of sodium vapor. It should be mentioned that the 
principle of the method had been independently suggested by Ruark 
and Urey {y 2 3 ,1388). 

26. Anomalous Zeeman Effects. The simple model used in the last 
section does not avail for the representation of more complicated 
Zeeman effects and of the resulting polarization of fluorescence 
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radiation. Experimental observations are easily interpreted, however, 
by introducing the well-known Lande schemes of magnetic energy 
sublevels into which the various levels of a Grotrian diagram split 
under the action of a magnetic field. Zeeman schemes of this type are 
reproduced in Figures 24 to 27 for the mercury resonance line, for the 
two D-lines, and for the green thallium line. Transitions in W'hich the 
magnetic quantum number m remains constant correspond in these 
schemes to emission or absorption of radiation plane polarized parallel 
to H (77 -components) ; transitions in which m is altered by ± 1 corre- 
spond to circular polarization (cr-components) . If, by an absorption 
process, the atom is raised to a Zeeman level from which only tt- or 
only c7-transitions originate, the secondary radiation is totally polarized 
(as in Figure 24). If transitions of both kinds can originate from the 

* It is not yet possible to decide whether some qualitative experiments 
communicated by Yen are connected with Fritsch’s experiments, which have 
been related above. Yen found that the intensity the resonance radiation 
emitted by an atomic ray of mercury varied according to whether a magnetic 
field was oriented parallel or antiparallel to the exciting beam (igig). 



ANOMALOUS ZEEMAN EFFECTS 


69 


excited level (as in Figures 25 to 27), the secondary radiation is partial- 
ly or completely depolarized, even if the exciting light is completely 
plane polarized. The degree of polarization can be computed from the 
relative probabilities of the individual transitions which occur from 
the various excited levels. Thus, the fluorescence of the Dj-line should, 
according to Figure 25, always be completely unpolarized, as has been 
confirmed experimentally. On the other hand, the Dg-line is partially 
polarized in cases I and II { 462 , 1282 ). If the theoretical values for the 
relative intensities of the Zeeman components are used for the evalu- 
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Fig. 27. Magnetic sublevels for the Tl-line 5350A [Guelke (547)] . The 
numbers indicate the relative intensities of the components. 


ation of p, without taking into account the influence of hyperfine 
structure, the degree of polarization of Dg is 60 % in case I and 42 % 
in case IT 

If, as in most experiments, the two D-lines are not separated, and 
if it assumed that the ratio of the intensities of Dj and Dg is 1:2 in 
the spectrum of the exciting radiation as well as in the absorption 
spectrum of the resonance lamp, the intensity of would be only V4 
of the intensity of Dg in the resonance radiation. The resulting 
polarization of the total resonance radiation would be 50 % in case I 

{351 <352) ■ 

In strong magnetic fields (H larger than 150 gauss), Datta ob- 
tained = 58 %, using Dg alone for excitation, and Larrick obtained 
p = 46.25 % under excitation with both D-lines in a magnetic field 
of 350 gauss. The agreement with the theoretical values is good, 
inasmuch as in Larrick’s experiments the intensity of was probably 
greater than has been assumed, thus decreasing the observ^ed value of 
p. In weak magnetic fields (H = 10 gauss), however, Ellett and his 
collaborators never succeeded infindinga degree of polarization greater 
Pringsheim 3 
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than 16.3% under excitation with both D-lines, corresponding to 
p — 2 \% under excitation with Dg alone. 

The degree of polarization of the resonance radiation is greatly 
dependent on the vapor pressure. According to Datta, the polarization 
of the Dg-line resonance tends with decreasing sodium vapor pressure 
toward 60 % even in vanishing magnetic fields. The lowest pressure 
at which he was actually able to make a measurement was 3 • 1 mm 
at 115° C and the correspondent p value in magnetic fields below 1 
gauss was 33 %. Ellett’s and Larrick’s latest measurements, however, 
were made at an even lower vapor pressure (10“® mm at 80° C), with 
the results mentioned above { 2 3 53 , 866 ), 

At the time of their publication Datta’s results were in closer 
agreement with the theoretical expectations. However, because of the 
influence of the hyperfine structure, these were correct only for strong 
magnetic fields. In a field of 12,000 gauss Ellett even obtained a 
degree of polarization of 100% for the resonance emission of the Dg" 
line. With the lines of force parallel to the exciting beam (case II), 
only the two inner a-components (2 and 5) were excited, while the two 
outer or-componen ts (1 and 6) were displaced so much that they were 
not covered by the narrow line in the primary radiation. Thus, no 
atoms were brought into the magnetic levels corresponding to vi 
H- V 2 arid m ~ — V 2 and the 7r-components were completely missing 
in the secondary emission. (Compare Figure 26). 

For the second unresolved doublet of the main series of sodium 
excited with nonpolarized radiation, Ellett and Heydenburg found 
the polarization to be 30 % in a magnetic field of 80 gauss oriented as 
in the last experiment. This is again in satisfactory agreement with 
theory. In a vanishing magnetic held the polarization dropped to 10 %. 

27. Negative and Circular Polarization. If the exciting absorption 
and the fluorescence emission correspond to different electronic 
transitions, the polarization of the fluorescence can become negative : 
the fluorescence can be partially polarized in a direction perpendicular 
to the polarization of the primary light. Of the four lowest electronic 
levels of thallium shown in Figure 9, ^51/2 splits into two magnetic 
sublevels according to the rules of Section 12. Hence, the emission lines 
originating from nrust always be completely depolarized, like the 
Dj-line of sodium. ^Pii 2 splits also into two sublevels, while and 
^T >^12 are resolved into four magnetic levels. The line 
behaves, therefore, as far as the Zeeman effect and the polarization are 
concerned, like the sodium Dg-line. If thallium vapor is excited by the 
absorption of the line 2768A under the conditions of case I, transitions 
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occur only to the magnetic levels c and h of the state (Figure 27). 
The intensity of the a-components of the line 3530A, which originates 
from these magnetic levels, is much larger than that of the tt - com- 
ponents, and thus the fluorescence line3530A is, under these conditions, 
partially polarized parallel to A, while the exciting light is polarized 
parallel to Z (547). 

Table 8 

Degree of Polarization of Thallium Lines 
IN A Magnetic Field (Case I) 

^in % 


Wavelength 
in A 

P, observed | 

i 

P, computed 
without h.f.s. 

P, computed 
with h.f.s.* 

2768 

-f 35 

+ 60 

-h 33.3 

-f 35.1 

3530 

— 60 

— 75 

— 41.8 

— 48.8 

3776 

0 

0 

0 

0 

5350 

0 

0 

! 0 

0 


* h.f.s. “ hyperfine structure. 


The lines of the visible mercury triplet show a behavior similar to 
that of the thallium lines, though the case is still further complicated 
by stepwise excitation. If the resonance lamp contains nitrogen, the 
ground level for the second absorption process is almost exclusively 
the metastable state 6 ^Pq, which does not split up in a magnetic field. 
Under excitation by the isolated line 4047A, only the magnetic level 
m — 0 of the state is reached is case 1. In the subsequent fluo- 
rescence emission the line 4047A should theoretically (and disre- 
garding the h.f.s.) show a positive polarization of 100%. The polari- 
zation of the line 4358A should, under similar conditions, also be 
100%, but negative, since only the two a-components / and g of 
Figure 28 contribute to the emission (the transition Am = 0 being 
forbidden for AJ~0)] finally, the polarization of the line 5461A 
should, under these conditions, be + 14.3 %. Table 9 shows a compari- 
son between the experimental results obtained by Richter and the 
theoretical values. In case II, which has not been investigated 
quantitatively, the line 4047A should again have a positive polari- 
zation of 100%, while the line 4358A should show a partial negative 
polarization because of the relatively greater intensity of the tt- 
components { 57 ^, 729 ^^ 037 , 1337 , 1530 , 1531 ). 

If no nitrogen is present, the state G^Pj, which is directly reached 
by the absorption of the resonance line, becomes the starting level for 
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Table 9 

Degree of Polarization of the Mercury Triplet Lines 

IN A Magnetic Field (Case I), Excited Stepwise, 
IN the Presence of Nitrogen 

P in % 


Wavelength 
in A 

p, ohserv'ed 

p, calculated 
without h.f.s. 

! p, calculated 

1 with h.f.s. 

1 

4047 

1 

~f 77 

-f 100 

1 + 34.7 

4358 

— 48 

— 100 

I — - 44.6 

5461 

+ 13 

f 14 

+ 3.4 

2957 

1 

-f 75 

-f- 100 

! -f 84.7 

3131 

--- 22 

— - 100 

— 44.6 

3663 

-h 45 

4- 14.3 

-f 3.4 


the second absorption process. splits into three magnetic levels 
(Fig. 28), of which (because of Am — ± 1) only the levels 7n = -|~ 1 
and m ~ — 1 are populated in case II. From there, level m ~ 0 of 
the state alone can be reached by absorption of the line 4358 
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Fig, 28. Magnetic sublevels for stepwise-excited Hg-fluo- 
rescence [Richter (iJ57)]. The numbers below the diagram 
indicate the relative intensities of the components. 


under the condition that, again, Am = ± 1 • Only the a-components / 
and g of the line 4358 and the 7r-component of the line 4047 originate 
from this level, so that now the line 4358 is positively, and the line 
4047 is negatively, polarized. This was actually observed by Kastler; 
if nitrogen was admitted into the observation chamber, the sign of 
the polarization of the two lines was reversed (J 2 S), 

The phenomena would be still further complicated if pure 
mercury vapor were excited stepwise by the two lines 2537 and 4358A, 
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polarized with their electric vectors perpendicular to each other. This 
problem has been suggested by Kastler, but, so far, no measurements 
have been made {726). 

Richter measured the degree of polarization of the line 4358A 
under stepwise excitation in the presence of nitrogen for various 
orientations of the vectors E and H. l ie investigated, also, the polari- 
zation of the ultraviolet triplet 1 2 (2967, 3131, and 

3663A) (compare Table 9). The result of all these investigations was 
that the observed polarization agreed qualitatively with values 
predicted by theory, especially as far as the sign was concerned, while 
there were numerous and considerable quantitative discrepancies 

(1357)- 

The excitation of resonance radiation by circularly polarized light 
produces results of particular simplicity if the direction of observation, 
the direction of the magnetic field, and the direction of the primary 
radiation coincide, lender these conditions, only the transitions corre- 
sponding eithei to Am — j- 1 or to Am — — 1 are excited, depending 
on the sense of rotation of the electric vector of the primary liglit. 
From the magnetic levels populated b}^ these transitions the same 
(T-components which were absorbed arc re-emitted. A 7r-component, 
which may also be emitted, contributes no radiation in the direction of 
observation.* Hanle obtained complete circular polarization of the 
mercury resonance line excited under these conditions and a circular 
polarization of 87 % for the two D-lines of sodium vapor in a longi- 
tudinal magnetic field of 600 gauss. The unimportant deviation from 
the theoretical value in the second case was due to the incomplete 
parallelism of the primary and the secondary radiation (57 j). 

The analogue to ‘^negative” polarization is provided also in this 
instance by the green thallium line, wEen it is excited by absorption 
of the ultraviolet line 3776A. If the exciting light is polarized circu- 
larly clockwise, the partial polarization of the fluorescence is counter- 
clockwise and vice versa (574). Stepwise excitation of the triplet lines 
of mercury by circularly polarized light produces, again, similar effects. 
Kastler has investigated the phenomena arising when circular polari- 
zation is applied in both stages of the excitation process in the absence 
of nitrogen. In his experiments, circularly polarized radiation of 
wavelength 2537 and 4358A entered a resonance lamp through op- 
posite windows; a magnetic field of 10 gauss was applied with its lines 
of force parallel to the exciting beams. If the circular polarization of 

* This is correct only if / — 0 or / = 4 for the ground state; the condition 
is, however, fulfilled in all cases which are treated in this section. 
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the primary radiation of wavelength 2537 is counterclockwise, corre- 
sponding to Am — 1, the excited level of 6^Pj has the magnetic 

quantum number m ~ ~h L since the magnetic quantum number of 
the ground state is 0. No magnetic level with the quantum number 
m ~ 2 exists in the state 7^5^ to which the atom is raised from 
by the subsequent absorption of the line 4358A. Plence, no stepwise 
excitation is possible under these circumstances if the circualr polari- 
zation of the primary radiation of wavelength 4358A is also counter- 
clockwise. If, however, the polarization of this radiation is clockwise, 
stepwise excitation does occur, since, because Am = — 1 , the atom 
is raised into the actually existing magnetic level of the state 7^Si with 
the quantum number m = 0.* These oversimplified theoretical pre- 
dictions are not quite correct, due to the influence of hyperfine 
structure. However, Kastler found experimentally that the emission 
of the line 4358A was very much stronger if the circular polarization 
of the two exciting lines had opposite signs (727-729). 

28. Vanishing Magnetic Fields. It has already been mentioned that 
quantum theory w'as at first unable to make any predictions regarding 
the polarization of resonance radiation in the absence of an external 
force which determines the spatial orientation of the atoms. Since the 
conditions prevailing for H = 0 can be arrived at by the adiabatic 
disappearance of a field of fortuitous orientation, it seemed natural to 
expect that with no magnetic field the degree of polarization should be 
lower than with a magnetic field oriented as in case I or II. If the local 
magnetic fields caused by the surrounding atoms are oriented at 
random, one should, according to Heisenberg, obtain for the mercury 
resonance line p ~ 21 % (instead ol 100 %), for Dg, /> = 14 % (instead 
of 60%), and for D^, /> = 0 (595). This calculation did not take the 
hyperfine structure into account. However, Wood and Ellett had 
found, in their earliest experiments, the same degree of polarization of 
the mercury resonance line for case I in strong magnetic fields and 
with H ~ 0. Keussler confirmed this result and measured the angular 
intensity distribution of the resonance radiation in the plane perpen- 
dicular to the direction of the exciting radiation (plane Y-Z) under 
the same conditions. If the fluorescence emitted in the direction Y 
were totally plane polarized, its intensity should drop to zero in the 
direction Z. Actually, it drops to about Vio of the maximum intensity. 
The total intensity distribution can be representedby the superposition 
of an unpolarized radiation which does not depend on the direction 

♦ The light emitted from this level has partially clockwise and partially 
counterclockwise circular polarization, resulting in complete depolarization. 
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of the observation, and a plane -polarized radiation Ip, according to 
the equation: 

/ = /„ -f 7^ sin® 93 (17) 

(p is the angle between the direction of observation and E. Neglecting 
the term which could not be explained at that time, Equation (17) 
represents exactly the angular intensity distribution of the radiation 
which an isotropic oscillator would emit under the action of an incident 
plane-polarized wave. This distribution would not be changed by the 
presence of a magnetic field with lines of force parallel to the oscil- 
lations (H parallel to E). Therefore, Bohr introduced the new hypo- 
thesis into quantum theory that, in the absence of space quantization 
by an external field, the radiation of an atom should have the same 
polarization as the radiation emitted by a corresponding classical 
oscillator under the action of a magnetic field which would not 
influence the vibration of the oscillator { 128 ). 

In this form the rule cannot be applied to atoms with anomalous 
Zeeman effects, since no classical oscillator with corresponding pro- 
perties exists. Heisenberg generalized the rule in the following way: in 
the absence of an ex:ternal field, the polarization of the radiation of an 
atom is the same as in the presence of a magnetic field which leaves the 
total symmetry unaltered. If the primary radiation is plane polarized, 
H should be parallel to E ; if the primary light is unpolarized or circu- 
larly polarized, H should be parallel to the direction of the exciting 
light ray (595). This law of “spectroscopic stability’’ holds, of course, 
only if the auxiliary magnetic field is not strong enough to produce a 
Paschen-Back effect of the hyperfine structure. Only then the complete 
disappearance of the magnetic field leaves the conditions unaltered. 

29. Influence of Hyperfine Structure on Polarization of the 
Resonance Radiation. Ellett and McNair proved that the anomalous 
Zeeman effects of individual hyperfine-sfructurc components of the 
mercury resonance line cause the difference between the polarization 
which is observed in a field-free space and the expectation of the pri- 
mitive theory {355, 358, g6g, 1040), On spectrograms obtained with a 
Lummer-Gehrke plate, the degree of polarization of components 
— 1 0.4,0, and -f 11.5 appeared to be practically 100% for vanishing 
values of H under the conditions of case I. Simultaneously, the degree 
of polarization of components — 24.5 and 4-21.5 was Certainly below 
60%. Figure 19 shows that component — 24.5 is exclusively, and 
component -f21.5 mainly, due to the odd isotopes Hg^*® and Hg^^. 
The nuclear momenta of these components are i == V2 ^nd ®/2» re- 
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spectivcly, and their magnetic quantum numbers are, therefore, not 
to be derived from J but from f ~ J -r i. The /-values in Figure 20 
show that component A of Hg^®^ has a Zeeman effect of the same type 
as Dj, and component B one of the same type as Do (Figures 25 and 26, 
in both cases neglecting the h.f.s. of the I)-lines). Hence, / ~ 0 for 
component A and p ~ 60 % for component B. Making use of similar 
considerations, the degree of polarization of components a, b, and c 
of the isotope Flg^^^ can be determined, b coincides with the single line 
of the isotope Hg^^®, wliich is thereby slightly depolarized. The total 
polarization of the unresolved mercury resonance line can be computed 
from these data if the relative concentration of the isotopes and the 
intensity distribution of the h.f.s. -components in the exciting radiation 
are taken into account. Two limiting cases are relatively easy to deal 
with. Either the resonance line in the primary radiation is so broad 
that its intensity can be regarded as being constant over the whole 
width of the hyperfme structure of the absorption line, or the primary 
light source is itself a resonance lamp, and the intensity distribution of 
the exciting line is the one represented in Figure 19. In the first case 
the degree of polarization of the unresolved radiation is, according to 
the calculation of Larrick and Ileydenburg. 84.7 %, while in thv. scconfi 
ca.se it is 88.7 %. This explains the decrease of the degree of polari- 
zation of the mercuiy resonance line which Olson observed with 
increasing current density in the exciting mercury arc. 

Table 10 lists the calculated degree of polarization of the individu- 
al components for the first case. 


Tablj: 10 

Degree of Polarization Calculated for the H.F.S, -Components of 
THE Mercury Resonance Line 


Component 

1 + 2 i.r. , 

+ 11.5 

0 

1 -- 10.4 i 

— 25.4 

P in % 

55.9 

100 

100 

84.8 

51.4 


If the lines in the spectrum of the primary light source are more 
or less self-reversed, the intensities of the single components belonging 
to the most abundant isotopes, Hg-^® and Hg^o^, are much more reduced 
than those of the components belonging to the odd isotopes. Under 
such conditions, the resulting polarization of the unresolved resonance 
radiation may be much smaller than the values calculated by Larrick 
and Heydenburg [ 358 , 86 ya,g 6 g,iiy 6 jg 36 ). 

The agreement between the observed degree of polarization and 
the values calculated from the hyperfine structure is much less 
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satisfactory for the stepwise-excited Hg-triplets 7^5^ -> j 2 
7^Z)j -> 6^Po 1 2 (compare Table 9). The discrepancies, which are 
particularly large for the transitions leading to 6^P2 (the lines 5461 and 
3663A), certainly exceed the errors which can occur even in the 
determination of rather small degrees of polarization. Nor is it probable 
that they are caused by anomalous intensity distribution in the 
exciting line, for instance, by strong self-reversals and it seems likely 
that still unknown factors have to be taken into account. 

The cadmium lines 2288 and 3261 A differ from the mercury reso- 
nance line in that most of their h.f.s. -components are exceedingly 
close. The components of the line 2288A have not yet been resolved 
spectroscopically; the line 3261 A has three components (JA ==: - T8.0, 
0, I 17 - 10”^A), which are evidently due to the splitting of the upper 
level 6^ Pi, since the ground state 6^S<) is common to both lines. 
However, the fact that the degree of polarization of the line 2288A 
never exceeds 76.3 % for H — 0 proves that also for this line an 
influence of hyperfine structure has to be considered (J57). According 
to Schueler, the nuclear spin of the odd isotopes of Cd is i = 
Taking this value for granted, it is possible to work out the relative 
concentration y of the even and the odd isotopes from the measured 
degree of polarization of the line 2288A. From the value y — 2.6 which 
is obtained by this method, the degree of polarization of the other 
resonance line can be computed ; the value thus calculated (86.4 %) is 
in excellent agreement with the observed values (86 to 87 %)♦ (J525, 
1534)- 

Because of the small separation of the components of the cadmium 
h.f.s. -levels, the Paschen-Back effect occurs in relatively weak 
magnetic fields. Table 11 shows /> as a function of H. For H = 563 
gauss, the influence of the hyperfine structure is practically eliminated 
and the theoretical value of p — 100% is almost reached {6og,iojg, 

^536) ‘ 

From the curve representing ^ as a function of H, separation of the 
h.f.s.-levels of the term 5®Pi, which has not yet been determined 
directly, can be derived; the calculated value is 12.6* 10“^A. 

The influence of the hyperfine structure causes a relatively strong 
depolarization of the resonance radiation of T1 and Na, which consist 
exclusively of odd isotopes. From the nuclear spin t == ^2 which is 

♦ From the relative intensities of h.f.s. -components of other Cd-lines, 
Schueler derived y — 3.34. The corresponding values of p — 80.^% for the line 
2288A and p — 89% for the line 3261A can hardly be brought into agreement 
with the observations. 

Pringsheim 3* 
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Table 11 

Increasing Polarization of Resonance Radiation in Strong 
Magnetic Fields Caused by the Paschen-Back Effect of Hyperfine 

Structure 


Cd 2288A 

j Na D 

•1- Da 

H in gauss 

P in % 

j H in gauss 

P in % 

0 

76.7 

0 

16.48 

75 

77.3 

1 H) 

16.3 

149 

79.9 

: 20 

21.37 

200 

<S2.5 

' 

34.54 

255 

86.2 

70 

38.81) 

315 ‘ 

89. 1 

90 

43.0 

375 

92.1 1 

170 

45.7 

563 

95.0 ! 

315 

40.25 


(100) : 

(^) 

(50) 


ascribed to both Tl-isotopes, and the degrees of polari- 

zation which are listed in Table 8 were derived by Ellett. For the 
figures under a, the exciting line is assumed to be resolved into its 
h.f.s. -components, while for those under 6, the intensity is supposed to 
be constant over the whole width of the absorption lines. If a value of 
i larger than V2* instance i ~ were to be ascribed to one of the 
isotopes, the depolarization of the Tldines in Table 8 would become 
even larger. The agreement between the calculation and the experi- 
mental results is very poor ; the latter would actually fit best with the 
nuclear spin number i ~Q (as in the case of no h.f.s.), which is cer- 
tainly not correct (J55). 

Sodium is known as a “pure” element with atomic weight 23. 
It should, therefore, be possible to derive the nuclear spin momentum 
i directly from the observed degree of polarization of the resonance 
radiation, without the introduction of any additional hypothesis; The 
value found by Datta for the maximum polarization in the absence of 
a magnetic field is in complete contradiction with all other measure- 
ments (259). Leaving it out of consideration, the best value for the 
unseparated D-lines seems to be = 16.3 % or, for Dg alone, 21 %, 
This leads directly to f = 1. From other experiments (Stern-Gerlach 
effect and analysis of the Nag-bands), the momentum i = ^/g is ob- 
tained. This, in turn, would correspond to ^ = 15.4% for the un- 
resolved D-lines, which differs from the experimental value by more 
than the possible error. However, the h.f.s. -separation of the S^Pg/g- 
state of sodidm is small, even in comparison to the natural width of 
the line which corresponds to the lifetime of the excited state S^Pg/g 
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(t = 1.6- 10“® sec). Therefore, the h.f.s. -levels overlap and a resulting 
degeneration of the quantization must be taken into account. Doing 
this, Larrick obtained p == 16.25 for i = in complete agreement 
with the obvservations ( 356 , 677 , 672 ,(^ 66 ,^ 67 ). As in thecavSeof cadmium, 
above, the distance between the h.f.s. -levels of Na can be 

calculated from the change of the degree of polarization with in- 
creasing magnetic field strength ; the value thus obtained is d v = 
1.45* 10“^ cm^"^ (compare Table 11). 

The observed degree of polarization of 9.2 % for the second 
doublet of the main series of sodium also does not agree with the 
nuclear momentum i = if no correction corresponding to the 
natural width of the lines is introduced. Assuming a line width corre- 
sponding to the plausible lifetime r 3.05* 10"® sec for 4^P, the theo- 
retical value of p becomes exactly 9.2 

The degrees of polarization of the resonance radiation of rubidium 
(second doublet at 4202/15A) and cesium (first and second doublets at 
8521 and 4555A) correspond to nuclear momenta which agree approxi- 
mately with the values derived from otlier experiments ( 32 , 670 ). 

Summarizing, it can be said that the disagreements between the 
observtKl degrees of polarization and the original calculations are in 
the main caused by the influence of hyperfine structure. However, a 
number of discrepancies are still unexplained and the deviations can 
be completely accounted for only in those rare cases in which the 
nuclear momentum is known from other sources and in w^hich the 
conditions are otherwise fairly simple as, for instance, for vsodium. 

E. Determination of r from the Degree of Polarization 
in Weak Magnetic Fields 

30. Principle of the Method. In case IV, with the exciting radiation 
plane polarized parallel to Z and the magnetic field in the direction of 
observation, parallel to Y, the secondary radiation was assumed to 
consist of two incoherent circularly polarized components. This cannot 
remain true for very small field strengths, because, otherwise, the 
weakest magnetic field in the direction of observation would be 
sufficient for complete depolarization of the fluorescence. With 
vanishing field strength the degree of polarization must always tend 
towards the same limiting value, irrespective of the direction of the 
field. Actually, the depolarization of the resonance radiation is small 
in case IV, as long as the magnetic field is weak, and this depolarization 
Pringsheim 3** 
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is accompanied by a rotation of the plane of polarization. Both effects 
increase witli increasing field strength, and the last remainder of 
linear polarization disappears only when H exceeds a critical value, 
whicli differs greatly for various lim^s. 

lianlc explained this phenomenon on a semiclassical theoretical 
basis. Though his model cannot be claimed to be rigidly correct, it has 
the great advantage of being easily visualized. Jlanle assumed that a 
linear “virtual oscillator” is excited instantaneously witli maximum 
amplitude by the absorption of one ([uantum Jiv. From th,ere on, tlic 
amplitude of the oscillator decreases continuously according to 
classical radiation-damping. If an oscillator of tliis nature, is placed in 



h'ig. 29. Precession of linear electric 
oscillator in a strong magnetic 
field perpendicular to E (Hanle). 



h'ig, 30. Precession of a daynpod 
linear electric oscillator in a weak 
magnetic field perpendicular to E 
(Hanle). 


a magnetic field H, the lines of force being perpendicular to the vi- 
brations of the oscillator, it processes like a spinning top around the 
lines of force. The resulting movement is a rosette of tlie type sliown 
in Figure 29. The rotational frequency of this “Larmor precession” is : 

O ~ (18) 

If the frequency of the precession is so small that the amplitude of 
the oscillation decreases appreciably during a complete revo- 
lution, the rosette does not retain its circular symmetry (Figure 30). 
A preferential orientation of the electric vector prevails which is, 
however, rotated by an angle d with respect to the initial direction of 
polarization Z. The larger the lifetime t, the smaller is the field strength 
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which causes a complete rotation of the- oscillator without appreciable 
loss of amplitude, and llius effects complete depolarization (57 t). 

It has since been shown that the strictly classical treatment of 
the beliavior of an isotropic oscillator with normal Zeeman effect 
and tlui ( plant um-tlieoretical treatment of the general case lead to the 
same results [ 1 ^ 9-161 j 64 ,iy 42 ). 

In general, the left side of Equation (18) must be multiplied by 
tlie “splitting factor” g, which is, as already mentioned, ^^2 
mercury resonance line 2537A and for tlie analogous lines of other 
metals (Cd, Zn, ('a) ; it is % for th<^ line Do of sodium. 

If pQ is the degree of polarization in the absence of a magnetic 
field, a magnetic field H in the direction of observation reduces tlie 
degree of polarization to: 

P =•• PolV 1 -i- 

Simultaneously, the angle d, by which the plane of polarization is 
rotated, becomes : 

d — V 2 arctan 2ot (20) 

If the “apparent degree of polarization” ps is measured instead of p 
(compare vScction 8), Equation (19) has to be replaced by : 

pz = A/[l -f- (19a) 

31. Experimental Results. The validity of these formulas has been 
checked quantitatively by Keussler and by (31son for the mercury 



Fig. 31. Depolarization (continuous line) and 
rotation of plane of polarization (broken line) 
of Hg-resonance radiation observed in the 
direction parallel to the magnetic field H 
(Keussler). 
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resonance line. Here also, the influence of the h.f.s. must be taken into 
account. Assuming that the value of r was identical for all h.f.s. -levels 
of the state Mitchell derived a theoretical curve which agrees 
within the limits of error with the curve of Figure 31, which was ob- 
tained under the assumption that there is only one kind of isotope 
with f “ 0, and that, for reasons unknown, the polarization is only 
80 % instead of 100 % for 11 = 0 (772,7x76). 



Fig. 32. Depolarization (continuous line) and rotation of 
])lane of polarization (broken line) of sodium resonance 
radiation observed int the direction parallel to the 
magnetic field H. 

Mrozowski determined the angled as a function of H for the h.f.s.- 
components of the mercury line excited separately, and derived from 
these measurements lifetimes for the various levels of 6^F\, which 
differed from each other by almost 50 %. It must, however, be taken 
into consideration that the splitting factor for the Zeeman effect of the 
isotope Hg^®® is not but 1 ; introducing this correction, Mitchell has 
showm that Mrozowski ’s measurements prove directly that ail h.f.s.- 
levels have the same lifetime (1040, loyi). 

Olson used a second method for the determination of the value 
of T for the mercury resonance line. The exciting light was polarized 
parallel to the direction of observation Y, and H was parallel to Z. 
For reasons of symmetry p, under these conditions, must be zero for 
H = 0, and the observed fluorescence intensity must be due ex- 
clusively to the odd isotopes. With increasing field strength, the 
a-components of all isotopes are increasingly excited and a maximum 
degree of polarization parallel to X is obtained at high field strengths. 
The value t = 0.98 - sec obtained by Olson is appreciably below 
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Keussler’s value: r = 1.1 ■ 10“’ sec, but Mitchell showed that Olson's 
results can be represented satisfactorily by a value of t = 1.08-10“’ 
sec { 1176 ). 

If the lifetime of an excited state is shorter, stronger magnetic 
fields must be applied to obtain a certain degree of depolarization or a 
certain angle of rotation d. A comparison of the scales of abscissas 
used in Figures 31 and 32 shows at once that the life of the D-lines is 
considerably shorter than the life of the mercury n^sonance line, which 
is an intercombination line with a smaller transition probability. The 
lifetimes of the intercombination resonance lines of cadmium and 
zinc arc longer still, and, therefore, much weaker magnetic fields in the 
direction of observation suffice for a complete depolarization of the 
fluorescence [i 533 J 535 yi 540 J 7 gih). On the other hand, the lifetimes 
of singlet resonance lines which originate from the states are a great 
deal shorter. 


Table 12 

Lifetimes of Excited vStates of Hg, Cd, Zn and Ca 
(t in sec.) 


C/jiubming 
terms .... 



Element 

Hg 

1 

Zn 

Cd 

Zn 

Ca 

Resonance 
line (in A) . 

2537 

:r2(;i 

3076 

2288 

2139 

4227 

H* in gauss . 

0.4 

0.02 

5-10-’ 

150 


17 

T derived 
from H* . . 

1.1 -Kr’ 

2.3- lO-* 

io-‘ 

10-* 

p 

3.5- lO-” 

X derived 
from other 
methods . . 

1.08-10-^t 

2. 5-10-«§ 
2.14-10-«|| 


2-10-«W 

< lO-’tt 



t Garrett, alternating voltage method ; Kopfcrniann and Tietze, absorption, 
-p Ladenburg and Wolfsohri, anomalous dispersion. 

■ § Kuhn, magnetic rotation; Koenig and Ellett, atomic beam method. 

II Webb and Messenger, alternating voltage method. 

U Kuhn, magnetic rotation; Zemansky, absorption, 
tt Soleillct, atomic beam method. 

All observations concerning measurements of lifetimes by fluo^ 
rescence methods are collected in Table 12. The “half-value field 
strength” H* is the field strength by which the degree of polarization 
is reduced to one half of its value in the absence of a magnetic field. 
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The relation between //* and r according to Equations (18) and (19), is : 

T — 3 nicIgH^e (21) 

Accurate measurements of lifetimes below 10”'^ sec are very difficult 
because of the minuteness of the magnetic fields by which depolari- 
zation is produced, and hardly more than the order of magnitude of 
T can be warranted. 

As already mentioned, the fiiiore.scence excited by the line 3261 A 
in an atomic beam of cadmium is 'Tarried along” by the beam. Under 
these conditions the distance over wich an atom travels before it 
emits the fluorescence line is proportional to the time elapsed since 
tlie moment of excitation. If a magnetic field parallel to the direction 
of observation and perpendicular to tlie atomic ray is applied, the 
Larmor rosette of Figure 30 is drawn out along the atomic ray. If r 
is determined directly from the decrease of intensity along the ray, the 
splitting factor g can be calculated according to Equation (21) from 
the angle of rotation of the direction of polarization, which is measured 
on different points of the ray. Soleillet obtained g ~ 1.75 by this 
method. Considering the difficulty of the observations, tli,e result is in 
satisfactory agreement with the theoretical value of g —1.5 [i533~i535) • 

Hanle and Richter hav'e tried to derive the half-value period of 
the fluorescence of tlie mercury triplet 5461, 4358, 4047A from the 
depolarization of the lines in a longitudinal magnetic field. They ex- 
cited the fluorescence stepwise in the presence mf nitrogen and ob- 
tained the surprising result that the green line seemed to provide a 
value of T four times as long as the two other lines, despite the fact that 
they all originate from the same excited level. R. H. Randall confirmed 
this result independently, using a different method. However, 
Randall’s experiments have since been repeated by several investi- 
gators, most thoroughly by Mitchell, and his conclusions have been 
proved to be erroneous. Richter also admitted, in a later publication, 
that his measurements were not sufficiently reliable for sustaining his 
earlier statement. Hence, the assumption vSeerns justified that the 
lifetime of the mercury atoms in the state 7^5^ is the same for the 
emission of each of the three visible triplet lines ; it is probably of the 
order of 5-10“® sec {441, syS, 1042,1336,1357), 

Eq. 19 can be applied if in a magnetic field the excited state splits 
into three levels, while the ground state is unaffected, so that the 
resulting Zeeman triplet differs from the normal Lorentz triplet by 
not more than a g- value different from 1. If, however, the Zeeman 
effect is more complicated, involving several values of g for the excited 
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and the unexcited states, or if lines with unequal Zeeman effects are 
not resolved (Dj and Dg of sodium, h.f.s. -components of mercury, etc.), 
Equations (19) and (19a) must be replaced by the following more 
general equation: 

p, ( 22 ) 

in which the indices i refer to the various components and the indices 
k to tlie Zeeman subcomponents of each component. 

Using Ecpiation (22), the lifetime of excited sodium in the states 
3^Pi/2 and determined by measuring the depolarization 

or the rotation of the plane of polarization of the unresolved D-line 
resonance radiation in longitudinal magnetic fields. The experimental 
curves are reproduced in Figure 32 ; the values of r which were derived 
from these curves, and also those obtained by several other methods, 
are listed in 'fable 13. 'fhe relatively large deviations of Duschinsky’s 
measurements from the others have already been mentioned in 
Section 22. 


Table 13 

Lifetime of Excited Sodium Emitting the D-Lines, Obtained by 

Various Methods 


Method 

I Fliioromcter 

Drpolari/.ation | 

Magnetic rotation* 1 

Average t 

Hupfeld 

Duschmsky 

in magnetic field i 

t.108 

1.5 1 

1 1 

0.82 1 

1.35 1 

1.6 

. ! 

1.48 


* Compare fofanotc to Tabic 12. 

t Conjputed by Ladcnbiirg from all availabh* measurements. 


32, Alternating Magnetic Fields. The results produced by a 
magnetic field arc not cliangcd if, instead of a constant field, an alter- 
nating field is applied by means of an alternating electric current in a 
solenoid, as long as the period of the alternating field is long compared 
with the period of the Larmor precession , which is determined by the 
field strength. If the frequency of the alternating field exceeds the 
frequency of the Larmor precession, the latter no longer produces a 
complete rotation during a half-period of the magnetic field ; the sense 
of revolution is reversed after each half-period and with increasing 
frequency the motion degenerates into an oscillation of decreasing 
amplitude around the direction of the vector E. If the fluorescence is 
observed in the direction of the magnetic field, the degree of polari- 



86 


MONATOMIC GASES AND VAPORS 


zation is eventually the same as without a magnetic field. The larger 
the effective strength of the applied field, the larger is the Larmor 
frequency o and the higher becomes the frequency at which the 
limiting state is reached. 

For the mercury resonance radiation, P^ermi and Rasetti found 
practically no depolarizing action by a field of 1 . 1 3 gauss at a frequency 
of 5-10® sec“^. With 1.87 gauss, the action of the magnetic field on the 
polarization was already appreciable, while with 2.13 gauss, the degree 
of depolarization was the same in the alternating and in a constant 
magnetic field. From the relation between the field strength, the 
frequency of the alternating field, and the corresponding depolari- 
zation of the resonance radiation, the frecuency o of the Larmor 
precession can be calculated. Satisfactory agreement between theory 
and experiment is obtained only if the splitting factor g ~ % is 
introduced into the calculation. Assuming a normal Lorentz triplet 
with g = 1 for the mercury line 2537A, the alternating field of fre- 
quency 5-10® should become ineffective in depolarizing the resonance 
radiation only at a field strength of 3.2 gauss, and not, as is actually 
true, at Vs *3*2 = 2.14 gauss {385), 

Fermi’s and Rasetti’s results were confirmed qualitatively by 
Breit and Ehett. These observations show why Wood could not in- 
fluence the polarization of the mercuiy^ resonance radiation by the 
alternating magnetic field of a strong beam of sunlight : the magnetic 
field of the sun radiation, which according to Wood’s calculation was 
of the order of 3 gauss, was much too small, considering the high 
frequency of infrared and visible light {163). 


F. Stark Effect in Resonance Radiation 

33. Direct Demonstration of the Effect. The splitting of a reso- 
nance line in an electrostatic field by the so-called Stark effect is, in 
general, very difficult to observe, because resonance lines correspond 
to transitions between the lowest electronic states of an atom; with 
the exception only of the hydrogen atom, these states are very 
insensitive to the action of electric fields. Paschen and Gerlach were 
unable to find conclusive evidence of a shift exceeding the limit of 
error (5- 10“^ A) for the mercury resonance line in a field of 14,000 volts 
per cm (1194). 

Brazdziunas used the much more sensitive Schein-Malinowski 
method for the investigation of the Stark effect of the mercury 
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resonance radiation. A mercury resonance lamp was exposed alternate- 
ly to the action of a transversal magnetic and electric field and the 
lines of the absorption cell were displaced gradually , either by a second 
magnetic field or by the admission of small quantities of atmospheric 
airinto the cell. Brazdziunas was thus able to show that the a-compo- 
nents of the Stark effect are shifted as much in a field of 100,000 volts 
per cm as one of the o- -components of the Zeeman effect by a magnetic 
field of 1.2 gauss, the displacement being in either cavse 5.4-10“‘*A 
toward greater wavelengths. The displacement of the 77--component is 
not larger in a field of 140,000 volts per cm than the displacement of 
the cr-components in a field of 60,000 volts per cm. Assuming that the 
shift is proportional to the square of the field strength, the displace- 
ment of the cr-components is five times larger than that of the tt- 
component. It was not possible to determine whether the Tr-component 
was displaced in the direction of greater or smaller wavelength (i'57). 

Ladenburg investigated the Stark effect in the absorption 
spectrum of sodium vapor by means of an interferometer. Applying 
a field of more than 100,000 volts per cm, he obtained a shift of the 
D-lines of about 0.01 A. At least qualitatively, lie succeeded also in 
proving the occurrence of an effect of the same order in the resonance 
radiation of sodium vapor; the light emitted by a sodium resonance 
lamp was appreciably less absorbed in a second cell containing sodium 
vapor if the resonance lamp was under the action of the electric field. 
By inserting a Nicol prism into the path of the resonance radiation, it 
could further be shown that the o-components (polarized in the plane 
perpendicular to the lines of force) as well as the tt - component (polar- 
ized parallel to the lines of force) are both more or less influenced by 
the electric field. The exciting radiation and the direction of observation 
were both perpendicular to the lines of force in these experiments 
(806,836), 

The higher electronic states of most atoms are much more 
sensitive to the action of external electric fields and, therefore, series 
lines corresponding to transitions between such states show Stark 
effects which are much easier to demonstrate. When a field of 5,000 
volts per cm was applied by Terenin to a mercury resonance lamp which 
was excited stepwise by the full radiation of a water-cooled mercury 
arc, all lines which originated from the levels 6 ^ D 12,3 
(compare Figure 17) were missing in the fluorescence spectrum, 
although they were present when the electric field was not applied. 
The resonance line and the lines originating from the state 7^Si were 
not affected by the field. The suppression of certain lines is obviously 
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due to the fact that they are displaced in the al^sorption spectrum of 
the resonance lamp by more than their width in the primary radiation. 
This width was of tlie order of lO^^A and thus tlie Stark effect must 
have produced a displacement of at least the same order. The effect is 
due almost exclusively to the action of the electric field on tlie upper 
states of excitation and 6^0^) (i6j2). 

34. Polarization of Resonance Radiation in Electric Fields. Accord- 
ing to classical electrodynamics as well as to quantum tlieory, an 
electric field parallel or perpendicular to the vibrations of an oscillator 


6 5 , 



Fig. 33. Level diagram 
for Stark effect of 
Hg-line 2537A. 


Fig. 34. Level diagram 
for Stark effect of 
Na-line D^. 


Fig. 35. Level diagram 
for Stark effect of 
Na-line Dg. 


does not influence the polarization of the radiation emitted by the 
oscillator. 

The quantum numbers m which determine the spatial quanti- 
zation have the same absolute values for each electronic state of an 
atom in an electric and in a magnetic field. However, in an electric 
field the energies of the levels -f m and — m coincide and, therefore, 
the Zeeman level schemes of Figures 24-26 have to be replaced, for the 
Stark effect, by those of Figures 33-35. Thus, the transitions from tlie 
levels 7n ~r I and m == — 1 of the state to the level w = 0 of 
the state 6^5^ produce radiations which are circularly polarized with 
opposite signs but have the same frequency. If both components arc 
excited simultaneously by absorption of plane-polarized light, their 
radiation, of identical frequency, is coherent and combines into a 
single wave which is plane polarized in the same direction as the 
exciting radiation. The phenomenon is exactly the same as if the two 
rotors and rg introduced into the model for the Zeeman effect 
(Section 25) were replaced by a single linear oscillator perpendicular 
to the oscillator e and to the lines of force F and having a frequency 
slightly different form the frequency of e. 

Consequently, an electric field F either parallel or perpendicular 
to the electric vector E of the exciting radiation, should not alter the 
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polarization of resonance radiation ; the polarization should remain the 
same in the presence or in the absence of tlic field. Eailier experiments 
Planlc and by Richter on tlie resonance radiation of mercury and of 
sodium seemed to disagree with these theoretical predictions. However, 
Suppe later showed that these results were erroneous and that if all 
necessary precautions were taken, an electric field had no influence 
whatsoever on the state of polarization of the mercury resonance 
radiation, as long as F and E were oriented so that only e or only e' 
was excited (as in cases I, II or IV) [572,^7^ J 597 ,18^6). 

If the angle between F and E differs from 0 or 90°, the two 
virtual oscillators c and c' are excited simultaneously, their ampUtudes 
being equal for d' ~ 45°. Since the frequencies of the oscillators are 
not quite the same, a slowly increasing difference of phase must arise 
in their radiation and the wave resulting from their superposition 
becomes increasingly elliptically polarized. In a weak electric field, 
this process is so slow as compared with the duration of the emission 
that the polarization of the observed fluorescence is partially ellipti- 
cal. (The phenomenon is observed at its best in the direction parallel 
to the exciting radiation, where the oscillators e and e' contribute 
equal intensities to the total fluorescence). In stronger electric fields, 
the depolarization is complete, as in the somewhat similar case of a 
longitudinal magnetic field. 

In combined electric and magnetic fields the polarization or 
depolarization caused by the magnetic field alone is not altered by the 
presence of an electric field up to 150,000 volts per cm, as long as the 
latter is oriented so that it w'ould not influence the polarization in the 
absence of the magnetic field. If, on the other hand, the resonance 
radiation is depolarized by an electric field of adequate orientation and 
strength, the polarization is not restored by a magnetic field of any 
orientation. (This result obtained by Suppe is also in contradiction 
with Hanle’s earlier publication). 

^ G. Perturbations of Resonance Radiation by Collisions 

35. Effective Cross Sections. Resonance radiation is unperturbed 
only if the excited atoms are not subjected to collisions or, more 
generally speaking, to any interaction with other molecules during 
the time interval between the absorption and the emission process. 
If this condition is not fulfilled, the consequences are of two kinds. On 
the one liand, the state of the excited atom is altered so that, if an 
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emission occurs at all, the emitted light has a different frequency. On 
the other hand, the corresponding energy difference must be balanced 
somehow by the perturbing molecule, which in most cases will gain 
energy but sometimes also may lose energy to the excited atom. 
Collisions by which excited atoms or molecules transfer their electronic 
excitation energy to the colliding particles are called “collisions of the 
second kind.” The fluorescence which would be observed in the ab*- 
sence of collisions is quenched by collisions of the second kind [418, 
786), 

If the “competing process” characterized in Equation (6), 
Section 4, by the probability is due to collisions, and if every 
collision of an excited atom quenches its fluorescence, is equal to 
the number Zf. of collisions and since is proportional to the partial 
pressure p of the quenching gas, the equation takes to form in which 
it was published by Stern and Volmer [1571 ) : 

I = 7o/(l -f Zkr^) = /o/(l i- ^p) {/5 being a constant) (23) 

or with several quenching gases of partial pressures pi, pz • • • • 

^ ~ h/{^ + PiPi d- P 2 P 2 + . • •) (24) 

If the intensity of the fluorescence is reduced from its maximum value 
Jq to a value /q by the partial pressure p^ of the first gas, the intensity 
Iq is hot quenched by the partial pressure p^ of the second gas as much 
as the intensity /q would be quenched by the same quantity of the 
second gas in the absence of the first gas. For, by the quenching action 
of the first gas, the natund lifetime of the excited state tq has already 
been reduced to the value according to Equation (5) Section 4. Only 
qualitative observations are available concerning the simultaneous 
quenching action of two gases on the resonance radiation of monatomic 
vapors. The mercury resonance radiation is reduced to ^/go by 4 mm 
of hydrogen. If the intensity of the fluorescence is already quenched 
considerably by 100 mm of nitrogen, the addition of 4 mm of hydrogen 
reduces the intensity only to about Vs the value observed in the 
absence of hydrogen. The quenching efficiency of atmospheric ajr 
can be calculated correctly using Equation (24) and taking into 
account the individual quenching efficiencies of nitrogen and oxygen. 
However, quantitative measurements on the fluorescence of iodine 
vapor show that, at least in this instance, the conditions are more 
complicated than was assumed in deriving Equation (24). (Compare 
Section 65) (gj, 203, 1167), 

By variation of the value of p in equation (23), a state can be 
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attained, corresponding to a pressure in which / — or tq 
1 Since 1 jz}^ is equal to the average time between two collisions, the 
lifetime Tq of the unperturbed excited atoms is equal to the time at 
the “half-intensity pressure” _/>♦. If r^has been determined by another 
method, the number of quenching collisions 2 ' can be worked out from 
Equation (23). If this number is found to be smaller than the value Zf, 
which is derived from kinetic theory, it is to be assumed that not every 
gas-kinetic collision is actually quenching, and an “efficiency c" 
smaller than unity can V>e introduced. However, if ^ is found to be 
larger than z^, one is forced to assume that the “effective quenching 
cross section” for the perturbance under consideration is larger than 
the gas-kinetic cross section. 

An atom in a certain excited state can have different effective 
cross sections for different kinds of interactions with other molecules. 
Thus, it is clear that these interactions are not collisions in the sense 
of mechanics, according to which a collision is defined as an approach 
to a well-determined distance. The interaction reaches, theoretically, 
into infinity, while its strength decreases according to laws which may 
be widely different in different cases. These laws determine for every 
•distance r a probability W{r) according to which the energy transfer in 
question will occur within the unit of time. 

If an effective cross section a (or an effective radius q) is defined 
by the equation : 

. "V 

a = ^ yW(y) lIy ( 25 ) 

it can be sho’wm that this value plays the same part for the “optical 
collisions” as the gas-kinetic cross section plays for the mechanical 
collisions, a can be considerably larger than ct/,, if W{r) is still large 
for great values of r : if, on the other hand, W[r) decreases rapidly with 
increasing r, the effective cross section can become much smaller than 
the kinetic cross .section. This means only that not every kinetic 
collision produces the reaction under consideration, or that the yield 
of the collisions is below 100% — it does not pretend that a molecule 
actually approaches the excited atom in a quenching collision to a 
distance smaller than the gas-kinetic radius. 

In determining the probability W{r) of an energy transfer from 
an excited atom in a collision process, a principle which was introduced 
by Franck in connection with problems of this type, and which has 
since been extensively applied by him and others, is of great im- 
portance : during the exceedingly short time of an electronic transition, 
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^ the location and the momentum of atomic nuclei cannot be altered 
appreciably because of the relatively large mass of the nuclei /I'here- 
fore, only a small part of tlie electronic excitation energy of an atom 
can be transferred directly into kinetic energy of the colliding j)articles. 
Either the excited atom loses only a small fraction of its en(*rgy and 
is transferred by the collision into a closely neighboring quantum 
state, or, if the atom loses a large fraction or all of its excitation 
energy, this energy must be converted almost complete!}' into s(nne 
kind of excitation energy of the jierturbing molecule. The nearei the 
energ}/ of a quantum state of the latter is to the excitation energ}' of 
the former, the better is the “energy resonance” betwec'u the two, and 
the greater is the probability W{r) for large \'alues of r. The energy 
resonance reaches a maximum if the two particles arc of the same kind, 
one atom being transfcTred fiom the excited state to the giound state 
and the second atom from trie ground stat(‘ to the very same excited 
state. This process, however, cannot be observcxl directly {412b). 

Kallman and London have treated th(‘. interaction between an 
excited atom and another atom almost in resonance with tlic first 
applying the laws of quantum mechanics. If cS is tlie difference l^e- 
tween the excitation energies of the two systems and if the corre-^ 
sponding transitions are allowed (dipole radiation), the effective cross 
sf.'ction increases proportionally with However, for ver\' small 

values of 8, a does not increase ihfinitelv but tends towards a limiting 
value, which depends mainly on the relative velocity of the two atoms; 
the higher the temperature, the smaller is a in the case of sharp 
energy resonance (707). 

36. Collision- Broadening. Flame Fluorescence. Increase in width 
of spectral lines with increasing gas pressure has been known for a 
long time and has been interpreted by H. A. Lorentz as caused by 
' ‘collision-damping 'L according to the Fourier analysis, the lines 
become t)roader because the phase of the emitted wave is altered or the 
wave is completely interrupted every time the vibrating oscillator is 
perturbed by a collision. The equivalent of this explanation could not 
be found in Bohr’s original theory, in which every individual emission 
process was instantaneous and strictly monochromatic, without any 
mention of phase relations. Collision-broadening was interpreted, 
according to the principle of correspondence either, by the shortening 
of the lifetime of the excited state, or it was ascribed to the peitur- 
bation of the excited level caused by the small distance betw'een the 
colliding molecules (molecular Stark effect) at the moment of emission. 
If the second assumption were correct, collision-broadening would 



COLLISION-BROADENING. FLAME FLUORESCENCE 


93 



become a pure configuration effect and would depend on temperature 
only insofar as due to the liigher average kinetic energy, a close 
approach of two atoms occurs more frequently. The number of col- 
lisions per unit of time would be without importance; if the configu- 
ration of the molecules at a high ternpcTature could be suddenly 
‘ ‘frozen/’ the widtli of tlu; line would remain uncliangcd. This hypothe- 
sis was suggested by Einstein for an experimental test in the early 
(lays of Bohr’s theory, and was takemup again miu'h later by Jablonski, 
after the introduction of “potential (air\'es” for representing the 
energy relations between two atoms at variable distances {6^8, gSo, 
718^1,1814,192^)). 

In bd'gure 36, the abscissa is the distance r betwecui two atoms: 
the ordinate is the potential energy 
V as far as it dep(‘nds on the (elec- 
tronic configuration within the atoms 
and on the interaction betwe^en them. ^ 

For r -=■- A. , 17 IS determined exclus- | 
ively by the electronic energy, which 
is assumed to be 0 if both atoms 
in their ground state, and E if 


are 

one of the atoms is ex('ited. For 

the present considerations, it is as- ** ^ 

1 XI X -xv 1 ' T X b'icf. 3 (). Potcntialcurvesforcol- 

sumed that with decreasing distance lisfon-broadening (Jablonski). 
only repulsion forces between the 

two atoms need to be taken into account, apart from the weak 
Van der Waals forces, wliich cause a flat trough in the potential 
curves, with its lowest point at a certain value of r === z*. For distances 
smaller than r*, the slope of the potential curves becomes rapidly 
steeper, because of the strong Repulsive forces. According to PTanck’s 
principle, an emission process can be due only to vertical transition 
(such as a, b, and c) between points of the upper curve and points of 
the lower curve. Since the two curves are not strictly parallel, the 
quantum hv which corresponds to such a transition has a different 
value from the quantum hv^ emitted at r == a.. The superposition of 
many processes of this kind causes a broadening of the spectral line, 
which, in general, will be asymmetrical. However, this type of 
broadening of spectral lines becomes important only at relatively 
high gas pressures ; at the low pressures which generally prevail in 
(experiments on resonance radiation, the broadened lines remain 
almost completely symmetrical and this effect must be due to another 
collision-damping theory, according to which the number of collisions 
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during the lifetime of the excited state determines the width of the 
line, while it is of no importance whether the emission is quenched 
or only changed in phase by a collision {goo, go 1,1814). 

The greatest part of the investigations on collision-broadening 
deals with absorption processes and therefore, is not within the scope 
of this book. Even the broadening of emission lines excited by reso- 
nance has, in general, been determined by the change of absorbability 
of the line in a cell containing the same vapor as the resonance lamp. 
By this method, it could be shown that the mercury resonance line is 
broadened by the same amount whether the number of collisions in a 
mixture of mercury vapor and a foreign gas is increased by an increase 
of temperature at constant density or by an increase of pressure at 
constant temperature {ii8ia). Furthermore, it has been demonstrated 
that as long as the number of collisions is the same gases with a strong 
quenching action broaden the lines no more than other gases. The 
broadening effect of helium and hydrogen on mercury vapor or of 
argon and nitrogen on sodium vapor are respectively equal, though 
the rare gases have a very small, the others a very strong quenching 
efficiency. By means of fiuorometric measurements, Duschinsky 
proved that the broadening of the resonance lines by rare gases is not 
caused by a shortening of the life of the excited states without simul- 
taneous quenching. If nitrogen or helium were added to sodium vapor 
in such quantities that their respective vapor pressure produced the 
saineamountof collision-broadening of the D-lines, the duration of the 
resonance emission was reduced by nitrogen to about one-half, with the 
corresponding decrease of fluorescence intensity; the fluorescence was 
neither quenched appreciably, nor was the lifetime tq shortened to a 
measurable extent by the addition of helium. Hamos obtained the 
same result in a more indirect way, by showing that the quenching 
efficiency of nitrogen on the resonance radiation of sodium was not 
changed by the addition of helium. If the lifetime of the excited atoms 
were shortened by the action of the rare gas without simultaneous 
quenching, the quenching efficiency of nitrogen should be diminished 
as well according to the Stem-Vobner Equation ( 23 ) (326, 56g). 

Thus, collision-broadening by rare gases is not due to induced 
radiating transitions causing a shortening of lifetime of the excited 
state. If, on the other hand, the atom radiates spontaneously at the 
moment of collision, the frequency of the radiation will be noticeably 
ahered, according to the potential-curve diagram of Figure 36; the 
consequence must be the appearance of an emission band in the vi- 
cinity of the normal atomic line. Oldenberg has actually observed a 
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narrow diffuse band on the long-wavelength side of the mercury 
resonance line which was produced, apart from the resonance line 
itself, by irradiating a mixture of mercury vapor and inert gases with 
the radiation of a mercury lamp [ii 68 ). Simultaneously, bands with 
a well-defined structure occurred in the fluorescence spectrum; they 
were ascribed by Oldonberg to excited rare gas-mercury molecules and 
are treated in a later chapter (Section 75). It is to be assumed that the 
transition probability between the upper and the lower potential 
curves of Figure 36 is altered and probably increased for small values 
of r. This would shorten the lifetime of the excited mercury atoms 
participating in these perturbed emission processes. However, their 
number is relatively small and neither the aveiage lifetime of the 
other atoms (which is obtained by the fluorometric measurement) nor 
the width of the line emitted by them would be influenced by such 
processes. 

By an increase of the pressure of the fluorescent vapor itself, the 
resonance lines are broadened much more than by the addition of a 
foreign gas, if the number of kinetic collisions is the same in both cases. 
The effective cross sections are much larger when the energy resonance 
between the colliding atoms is complete {ii 84 J 4 y 8 j 4 ygj 48 o). 

If the absorption line of a vapor is broadened by collisions, the 
resonance line has the same width in the fluorescence spectrum as the 
absorption line, even when the exciting line is narrow { 1183 ). 

The intensity of the resonance fluorescence of a vapor is frequently 
increased when the absorption line is broadened by collisions. The 
exciting line in the sjx^ctrum of the primary light source has nearh’ 
always a greater width than the absorption line of the resonance lamp 
and, therefore, a larger fraction of the incident energy is absorbed, if 
the width of this absorption line is increased. The intensity of the 
resonance fluorescence of mercury or sodium vapor may become sev- 
eral times stronger by addition of helium of 100 mm. (The intensity 
decreases, however, under otherwise equal conditions, if the narrow 
line of a resonance lamp is used for excitation). Even if the foreign gas 
quenches the resonance radiation considerably, this effect can be 
overcompensated by the broadening of the line, especially if the line 
is more or less self-reversed in the primary radiation. According to 
Badger, the mercury resonance radiation is almost completely 
quenched by a few cm of nitrogen if a resonance lamp is used for 
excitation, while under excitation by a mercury arc the fluorescence 
intensity is almost independent of the nitrogen pressure, up to 760 mm 
(35,^^67,1867), 
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Badger ascribes to the same cause the phenomenon which Nichols 
and Howes called “flame fluorescence” and which they observed at 
first only in flames colored by the evaporation of a thallium salt. If a 
Bunsen flame is supplied with a metal vapor (Tl, Mg, Ag; also with, 
less efficiency, Cd, Hg, Na) and if it is irradiated with light containing 
the resonance line of the metal, the resonance line and possibly, by 
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Fig. 37. Transfer of Hg-hyperfine-structure component 
-25.4 by collisions of excited Hg»atoms with He-atoms 
(Mrozowski) . 

1. No helium present. 2. complete hyperfine 
structure of Hg-line 2537 A. 3. with 0.7 mm He. 

stepwise excitation, some of the other scries lines are re>emitted by 
the flame, often with considerable intensity. Special experiments 
showed that neither the temperature nor any other specific conditions 
prevailing in the flame were responsible for this phenomenon (j5, 
g’jj.iuS). 

37« Transfer of the Excited Atom into Adjacent Quantum States. 

The smaller the energy difference between two electronic states of an 
atom, the greater becomes the probability that a transfer of the atom 
from one state to the other will be produced by a collision. The con- 
dition of smallest energy difference is fulfilled for the h.f.s. -levels of 
the state of mercury. Mrozowski observed that if the mercury 
fluorescence is excited by the isolated component — 25.4 (see Figure 
19) of the resonance line 2537A in the presence of a foreign gas, the 
other components of the hyperfine structure belonging to the isotopes 
Hg^*® and Hg®®^ arc emitted together with the exciting line. The 
components belonging to the even isotopes are missing in the fluo- 
rescence spectrum (Figure 37). The addition of 0.1 mm helium or 
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nitrogen is sufficient to produce this effect. On increasing the mercury 
pressure itself, however, all h.f.s.>components appear in the fluo- 
rescence spectrum, even if a single component is used for the excitation. 
In this case it is not the primarily excited atom whidi is transferred 
into a neighboring quantum state by a collision ; the excitation energy 
is transferred to another atom, which is in almost comj)]etc energy 
resonance with the first one (the energy difference being of the order 
of 2- 10”®eV) : it is thus an instance of “sensitized fluorescence” (see 
Section 43). According to Mrozowski, tlie half-pressure is about 0.1 
mm for tliis energy transfer ; because of the smaller atomic velocities, 
the frequency of collisions is about ten times smaller than in the case 
of energy transfer due to collisions with helium which has been 
mentioned above. Mrozowski ’s statements are not sufficient for more 
(juanlitative conclusions with respect to the increase of the effective 
cross sections {i0/2). 

Decreasing the energy differences between the mercury h.f.s.- 
Icvels still further by the action of a magnetic field, Buhl finds that the 
effective cross section for the energy transfer from one mercury isotope 
to another can be more than one thousand times larger than the gas- 
kinetic cross section {t8§). 

The energy difference between the two 3P-levels of sodium 
(3 ^Pi /2 and 3‘^P3i2) equivalent to about 2-10~‘'* cV. If the exciting 
light contains only one of the D-lines, the other D-line appears also in 
the emission spectrum if hydrogen, nitrogen, or a rare gas is added to 
the sodium vapor in the resonance lamp. If the partial pressure of the 
foreign gas is increased to a few mm, the relative intensity of the D- 
lines tends towards the normal ratio 1 : 2, corresponding to the statisti- 
cal weights of the two “7^-levels, irrespectively of whether or Dg is 
used for excitation; because of the smallness of the energy difference, 
transitions in both directions are almost equally probable even at a 
temperature of 100'' C. However, the half-pressure of 3 mm of argon is 
> 10 times larger than that obtained for transitions between the 
h.f.s.-levels of mercury, corresponding to the considerably larger 
energy difference which must be bridged. Increase of the sodium vapor 
pressure itself has, again, a particularly strong effect: at a sodium 
vapor pressure of 2* 10”^ mm, transitions between the two ^P-levels 
are as frequently induced by collisions as at an argon pressure of 0.6 
mm. The effective cross section is about 200 times larger in the first 
case than in the second [g44,i8g5jgii). 

The appearance of the violet line 4058A in the fluorescence spec- 
trum of lead vapor (see Section 15) can also be explained only by a 
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transfer of atoms from the excited state to since a direct ex- 
citing transition from the ground state ^Pq to ^Pg is strictly forbidden 
(J/ 0 for J = 0). The energy difference between the two ^P°-states 

is only 4- 10“^ eV, and it is probable that the lead vapor pressure in 
Terenin’s experiment was sufficiently high for the occurence of trans- 
ferring collisions [1631, i84g). 

According to Paschen, the resonance doublet of orthohelium has 
its normal intensity ratio in the fluorescence spectrum, although the 
short-wavelength component, 10829. 11 A, is much weaker in the 
primary radiation and is less absorbed by the metastable helium atoms 
in the fluorescence chamber. Also, in this instance, the equilibrium 
was re-established by collisions between the excited and the normal 
helium atoms; the helium pressure was of the order of magnitude 
of 0.1 mm in Paschen's experiments (jjpj). 

If cesium vapor is excited by the absorption of the line 3989A 
(8 ^Pi /2 ID the presence of a few mm of helium, not only the 

lines which are excited directly or in steps (compare Section 16), but 
numerous further lines are re-emitted, among them, also, the second 
doublet component originating from the state S^Pg^g The emission of 
most of these lines is due to the transfer of excited atoms by collisions 
from the state S^P^/g into the closely adjacent 8D-levels. The tran- 
sitions corresponding to the observed new lines are marked in Figure 
13 by thin lines ; the thin dotted lines are, again, the transitions corre- 
sponding to spectral lines which are missing in the spectrograms only 
because of their long wavelengths. The lines originating from 
show relatively small intensities, owing to the greater energy differ- 
ence between this level and the state S^Pj/g — 0.043 eV as compared to 
0.01 eV for the transfer to the 8P-levels {123). 

The emission of the D-lines by sodium vapor, which is excited by 
absorption of the second doublet of the main series, has been explained 
by Bohr by a spontaneous stepwise return into the groimd state (see 
Section 16). Franck assumed at first that the phenomenon was due, 
at least partially, to a transfer by collisions. This interpretation 
appeared admissible, because in Strutt’s original experiment the 
sodium vapor pressure was sufficiently high, and because in the later 
repetitions of the experiment at low vapor pressure, the effect was 
appreciably increased by the addition of argon of a few mm. The 
D-lines emitted under these conditions are not noticeably weakened 
by passing through a thick layer of sodium vapor, while the resonance 
radiation excited in the same tube by irradiation with the D-lines is 
completely absorbed by such a cell. The greater line width in the first 
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case was ascribed by Franck to the Doppler effect resulting from the 
surplus energy which would be liberated by a collision transfer from 
4^P to S^P. The transfer of so much electronic energy (1.64 eV) into 
kinetic energy of the colliding particles is not compatible withFranck’s 
principle. Berry and Rollefson supposed, therefore, that the collisions 
transfer the excited atoms from the state 4P to 4Z) with a surplus 
energy of only 0.14 eV, which still leaves to the atoms a velocity 
sufficient to explain the greater line width in the subsequent stepwise 
emission of the lines 4D 3P and the D-lines (3P 3S) (g6). 

A relatively small energy difference separating the metastable 
state 6 ^Pq from the state G^Pj is characteristic of the mercury atom. 
If atoms which have been raised to G^Pj by absorption of the resonance 
line are subsequently transferred into the metastable state by col- 
lisions, the resonance radiation is quenched. The presence of metastable 
atoms in the vapor is proved by the appearance of the lines 4047 and 
2967 in the absorption spectrum (i88g). 

If mercury vapor is irradiated with strong light containing the 
resonance line, the absorption of the line 4047 A becomes noticeable 
at a partial nitrogen pressure of 0.1 mm and is very conspicuous at a 
pressure of 2 mm. At still higher pressures, the absorption line is 
assy metrically broadened. However, the strength of the absorption 
cannot be used as a quantitative measure for the number of atoms in 
the metastable state, since the absorption tends towards a limiting 
value which depends on the shape of the line in the transmitted 
radiation. 

The energy difference of 0.218 eV between G^Pj and G^Pq is so 
large that, at room temperature, only every 2,000th collision has the 
energy necessary to reverse the process. An admixture of a fraction of 
one per cent of quenching impurity is, therefore, sufficient to stop 
almost completely any return to the higher level. On the other hand, 
the energy of 4.7 eV separating the metastable state from the ground 
state is so large that the quenching transition to the ground state 
cannot be induced by a collision without some kind of energy reso- 
nance. Hence, the concentration of the metastable atoms can become 
rather large if such collisions are improbable. The equilibrium con- 
centration depends on the intensity of the primary radiation, on the 
probability of diffusion and of quenching collisions, on the return to 
G^Pi, and, as far as the odd isotopes are concerned, on the emission of 
the forbidden line 2656A (465,7^9). 

Even the energy difference of 0.218 eV is great enough to render 
the transfer from G^P^ to G^P^ by a collision with an inert gas very 



100 


MONATOMIC GASES AND VAPORS 


improbable. However, the transfer can be produced with great effi- 
ciency if the excited mercury atoms collide with diatomic or poly- 
atomic molecules. This, again, is explained by resonance effects; the 
quantized nuclear vibrations of the molecules are assumed to take up 
the balance of the electronic energy of the mercury atom. The closer 
the energy of the first vibrational quantum of the colliding molecule 
to 0.218 eV, the better is the energy resonance and the larger should be 
the effective cross section for the “transferring collisions ” The data 
which were published as proof for the validity of this hypothesis are 
listed in the first vertical column of Table 14 (Sect. 39). However, 
most of these “effective cross sections” were not obtained by measur- 
ing the equilibrium concentration of metastable atoms in the presence 
of the various gases, but by their quenching efficiency for the reso- 
nance radiation, wliich may also be due to genuine quenching, i.e., to 
transfer to the ground state {6y,3iy,36g,ig24). Nitrogen, which ranks 
rather low in Table 14, is the gas which produces by far the greatest 
equilibrium concentration of metastable mercury atoms. At small 
nitrogen pressures, the yield is still increased by the addition of an 
inert gas which, in itself, is inactive, but which decreases the diffusion 
to the walls. In a specific case, the equilibrium concentration of <hc 
metastable atoms measured by the absorption of the line 4047A was 
reached at a nitrogen pressure of 2 mm; if neon of 12 mm was added, 
it occurred, under otherwise unaltered experimental conditions, at 
0.8 mm of nitrogen (463, ySg). 

If other gases are more efficient than nitrogen in transferring 
mercury atoms from the state to 6 ^Pq, they must also have a 
much greater effiiciency in real quenching. This is proved for nitric 
oxide by the different influence which a rise in temperature j)roduccs 
in the quenching efficiency of this gas and of nitrogen. If a mercury 
resonance lamp, in which the fluorescence is almost completely 
suppressed by nitrogen of sufficient pressure, is heated to 750° C, 
the intensity of the radiation is restored nearly to the value wffiich it 
had in the absence of nitrogen. At this temperature, collisions causing 
the retransfer from 6®P^ to G^Pj are sufficiently frequent, while genuine 
quenching collisions practically do not occur. It cannot be assumed 
that the first part of the process (the transition G^P^ G^Pq) is 
suppressed at high temperatures : while at 750° C the mercury resonance 
radiation is as strong in the piesence of nitrogen of 40 m*m as without 
nitrogen, it is much more strongly quenched by an addition of hydro- 
gen in the first case than in the second (203,ix6y). By the intermediate 
transition into the metastable state the total lifetime of the excited 
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atoms is lengthened and thus they have a greater probability of being 
quenched by a collision with a hydrogen molecule. (This observation 
shows that the metastable mercur\' atoms, also, lose their electronic 
energy by goUisions with hydrogen molecules. According to E. Meyer, 
the probability of such a pro- 
cess is practically the same 
for mercury atoms in the 
states G^/^jandG^Po) { 1022 a), 

Nitric oxide of G mm 
quenches the mercury reson- 
ance radiation at room tem- 
perature to 15% of its value 
in the absence of a quenching 
gas. At 650'' C the intensity 
increases only to 25 % of this 
value ; in this case the major 
part of the loss is caused by 
genuine (|uenching and can- 
not be reversed by an incre- 
ase of temperature. It is true 
that a relatively small qu- 
enching efficiency can be 
sufficient for producing this 
result because of the long 
lifetime of the state G^Pq, and 
thus the direct quenching of 
the atoms in the state G^P^ 
may be negligible. 

Nevertheless, the “resonance curve” which has been derived 
from the figures of Table 14 still has a somewhat hypothetical charac- 
ter. The ordinate in this curve (Figure 38) represents the quenching 
cross section of each gas and the abscissa the difference between the 
lowest vibrational energy of the molecules and 0.218 eV. The peak 
of the curve corresponds to the gas with the best energy resonance. 
The two vertical lines at the center of the figure indicate the “un- 
sharpness of energy” caused by the thermal agitation. For a quantita- 
tively satisfactory treatment of the problem, the quenching of the 
resonance radiation, its dependence on temperature, and the number 
of metastable atoms in equilibrium should be known for every gas as 
a function of its pressure. In not a single case are all these data 
available. (Compare Section 40). 
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Fig. 38. “Resonance curve” for tlie 
quenching of Hg-resonance radiation 
by various gases (Bates). 
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Interaction with mercury atoms in the ground state seems also 
to induce the transition of excited mercury atoms into the metastable 
state with great efficiency. An increase of the mercury vapor pressure 
from 10“^ to 1 mm causes a decrease of the fluorescence yiejd by 50 %. 
It is not yet possible to determine whether metastable atoms in the 
state are directly produced in this process, or whether inter- 
mediate Hg 2 ~molecules are formed (compare Section 76). At any rate, 
the metastable modification originating from a collision between an 
excited and an unexcited mercury atom has an energy not below 4.65 
eV and is able to retain it through a great number of further collisions 
with mercury atoms (1182) . 

The energy-level scheme of cadmium is completely analogous to 
that of mercury, but the distance between the levels 5^Pi and is 
equivalent to only 0.07 eV. Transitions between the two states are, 
therefore, almost equally probable in both directions, even at the 
lowest temperatures of observation (about 250° C), so that the con- 
centration of metastable atoms never becomes very large. Because of 
their small number, it is difficult to prove their presence by the ob- 
servation of the characteristic new’ absorption lines. How^ever, Bender 
was able to demonstrate the transfer 5®Pj 5^Po due to collisions 
with Ng or CO-molecules by the appearance of new lines in the fluo- 
rescence spectrum which was caused by stepwise excitation. In con- 
tradistinction to the similar phenomenon in mercury vapor, the 
transfer cannot be ascribed to resonance with the vibrational frequen- 
cies of the molecules, and it is to be expected that it would be produced 
with not much smaller efficiency by collisions with monatomic gases 
(66, 9J). , 

38. Effect of Collisions on the Polarization of Resonance Radiation. 

The considerations which were applied in the last section to the trans- 
fer between closely neighboring levels retain their validity for the 
effect of collisions on the polarization of resonance radiation. The 
complete or partial polarization of radiation is caused by the exclusive 
or preferential population of some of the magnetic levels of an electro- 
nic state. If, by collisions, the relative population of the several mag- 
netic levels is brought closer to the statistical equilibrium, the polari- 
zation decreases and is eventually destroyed. Since the energy dif- 
ference between the magnetic levels is proportional to the field 
strength, the depolarization by collisions is expected to become 
noticeable at very low pressures in weak or vanishing magnetic fields. 

Figure 39 shows the degree of polarization of the mercury reso- 
nance radiation as a function of the pressure of various foreign gases, 
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after Keussler’s measurements. Similar curves were obtained by 
Hanle for the D-line resonance in sodium vapor excited by circularly 
polarized light. The main difference between the two sets of curves 
consists in the order of magnitude of the “half pressures” at which 
the degree of polarization drops to one-half of its maximum value. 
is considerably larger for sodium than for mercury, in accordance 
with the shorter lifetime of the excited state of sodium. With an inert 
gas, which is the most likely to give comparable results in both vapors, 
/>♦ is 0.77 mm for mercury and 3 mm for sodium. For the singlet 
resonance line of cadmium, the value of is even 10 mm. The pre- 



Fig. 39. Polarization of Hg-resonance radiation as 
a function of the pressure of foreign gases (Keussler) 

sence of 1,5 mm of nitrogen, by which most of the mercury atoms are 
transferred after absorption of the resonance line into the metastable 
state, has practically no influence upon the polarization of the lines 
originating from the state 7 ^Si, which is reached by stepwise excitation ; 
as already mentiohed, the lifetime of this state is only of the order of 
5 - ia-» sec { 57 ^^ 574 , 72 ^^ 729 ^ 773 )^ 

The “depolarizing cross section” of the molecules of various 
gases cannot be derived directty from curves like those of Figure 39 , 
because the quenching action of a foreign gas may partially compen- 
sate its depolarizing action. For this reason, hydrogen or oxygen, 
which are good quenchers for the mercury resonance radiation, 
decrease its polarization much less than the inert gases at the same 
pressure. Measuring the quenching and the depolarization of the 
mercury resonance radiation by hydrogen or deuterium separately, 
Suppe has ^calculated the genuine depolarizing efficiency of these 
gases, which is compared in Figure 40 with their apparent depolarizing 
efficiency ( 773 ,^ 59 ^)- 

The competition between depolarizing and quenching action be- 
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comes particularly evident if the decrease in polarization is brought 
about independently of the coUisions by a magnetic field of appropri- 
ate orientation. The magnitude of both effects (quenching and de- 
polarization) is determined by the 
lifetime of the excited state. If the 
lifetime is shortened by the ad- 
dition of hydrogen to excited 
mercury vapor, not only is the in- 
tensity of the emitted radiation 
reduced but, simultaneously, the 
depolarization and the rotation 
of the plane of polarization by a 
longitudinal magnetic field de- 
crease ,(i22g). 

A magnetic field parallel to 
the direction of the primar}^ radi- 
mm Hg or Dg ation is not able to compensate 

Fig. 40. Apparent (a) and real (b) the depolarizing action of collisions 
depolarization of Hg-resonance ra- with the molecules of a foreign 
diation by hydrogen and deuterium gas. Beyond a field strength of 200 
(Suppe). gauss, the curves of Figure 41 run 

almost parallel to the abscissa ; the 
probability of the transfer into another magnetic level is very little 
influenced by the exact value of the energy difference between these 
levels, which remains small for all magnetics fields in this series of 
experiments. The slope of the first part of the curves, for H below 
200 gauss, can be attributed to the the fact that depolarization, 
which is caused by the interaction with other sodium atoms, is compen- 
sated to a much higher degree by the magnetic field. 

This depolarization by interaction with atoms of the same kind is, 
again, a resonance effect, with the very large effective cross sections 
which are characteristic of atoms with good energ};^ resonance. If, for 
instance, an excited sodium atom passes from the magnetic level 
fn = — i of the state ^he level m = -f | of the ground 

state, another atom may be raised from the level m = — of the 
ground state to the level m = — | of the excited state. In weak 
magnetic fields, the energy difference between these t^^^sitions be- 
comes exceedingly small and the energy resonance is correspondingly 
sharp {1142,1480). 

The strong depolarizing effect of atoms of the same kind at even 
rather low vapor pressures on the resonance radiation of Hg and Na 
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has actually been realized from the beginning. In later quantitative 
investigations, however, a few discrepancies have not yet been 
elucidated. Elicit et al. find no appreciable influence of the vapor 
pressure on the polarization of the 
D-line fluorescence in sodium vapor 
saturated at temperatures below 
135° C. They obtain the same degree 
of polarization of 16.4% in the 
absence of a magnetic field, no matter 
whether the observations are made 
at 135° C (1.6- 10-« mm) or at 85° C 
(10~^ mm). Datta, on the other 
hand, reports a continuous and in- 
creasingly steep rise of tlie degree 
of polarization witli decreasing 
vapor pressure down to 1 15° C, and 
Hanle confirms this result in his 
experiments with circularly polarized 
light. It can hardly be assumed that 
these discrepancies are to be ex- 
plained by measuring errors alone 

{259,35i.35(>A^7S73)- 

Figure 42 sliows the degree of 
polarization of mercury resonance 
radiation excited by plane-polarized 
light as a function of the mercury 

vapor pressure, and Figure 43, the polarization of the I)-lines excited 
by circularly polarized light as a function of the sodium vapor pressure. 

The scales of the abscissas of the 
two figures prove that, in contra- 
distinction to the effect of pertur- 
bations by foreign gases, the sodium 
lines are much more sensitive than 
the mercury line to increasing vapor 
pressure. According to wave me- 
chanics, the interaction between 
atoms of the same kind depends not 

M«rqury pre*$ure in mm X 10® Only OU tllC sharpUCSS of reSOHanCC 

T,. .o -D 1 • xTT but also on the dipole moment of 

Fig. 42. Polarization of Hg-reso- i ^ 

nance radiation as a function of oscillations which correspond to 

Hg- vapor pressure (Keussler),. a transition between two electronic 
Pringsheim 4 • 


Fig. 'll. Depolarization of circu- 
larly polarized Na-resonance 

radiation by He-Ne mixture at 
various magnetic field strengths 
(Hanle). 

Pressure o f He -No 

a\ 0.0 mm d: 1.2 mm 

h: 0.2 6*: 2.3 

c; 0.4 /: 3.7 




106 


MONATOMIC GASES AND VAPORS 


states. The dipole moment corresponding to the mercury intcrcombi- 
nation line, with its smaller transition probability, is weaker and, 
therefore, an energy transfer by resonance becomes less probable. 
The intercombination resonance line of cadmium, with its still longer 
lifetime, has attained its highest degree of polarization at a saturation 
temperature above 170“ C (about 2* 10 mm),* while the polarization 

of the singlet resonance line of 
cadmium increases continuously 
down to pressiTres below 10 mm. 
The second doublet of the principal 
series of sodium, which has a much 
smaller intensity in the sodium 
absorption spectrum and a much 
smaller oscillator strength than 
the D-lines, shows a measuralde 
decrease of its polarization only if 
the vapor pressure exceeds 2.4-1 0"^ 
mm [354). 

1'he polarization of the mer- 
cury line 4358A is expected to be 
negative and its intensit^-^ weak 
(compare Section 27) if both lines 
serving for the stepwise exci- 
tation (2537 and 4358 A) are plane 
polarized perpendicularly to the direction of observation, and if no 
perturbations occur during the process. Under these conditions the 
even isotopes cannot reach the excited state in two successive 
TT-transitions, since m would have to remain zero and AJ would be 
zero in the second step from to 7^5^ (see selection rules for m in 
Section 13). Thus, only the odd isotopes for which m = i- 14 
± 72 in the ground state would participate in the emission* of the 
blue line. If, however, all magnetic levels of the state 6‘^Pi are 
populated in consequence of the interaction between the excited atoms 
and other mercury atoms (or, in other words, if the resonance line 
itself is depolarized by the vapor pressure of the mercury), the line 
4358A should show a positive polarization of 26.9 %. The resonance line 
is already appreciably depolarized in saturated mercury vapor at 0“ C 
(2- 10"^ mm) (see Figure 42) and, accordingly, the degree of polari- 
zation of the line 4358A is + 20 % under these conditions. It increases 

* At 210° C (about 3* 10*^ nxm) the degree of polarization of this cadmium 
line is about one-half of the maximum value. 



Fig. 43. Circular polarization of 
Na-resonance radiation as a limction 
of Na-vapor pressure at various 
magnetic field strengths (Hanle). 

a: 0 gauss d: 180 gauss 

b: 60 e: 300 

c: 120 f: GOO 
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to + 26% if the temperature is raised to 18° C and the vapor pressure 
to 10”^ mm* This exceptional behavior (the enhancement of the 
polarization of fluorescence by increasing vapor pressure) is due to the 
fact that even at the higher pressures the number of atoms in the state 
6^ Pi is negligibly small. Therefore, the state from which the line 
4358A originates is not perturbed by resonance effects, since transitions 
between 7^Si and the ground state 6KSq are not to be considered either. 
An increase of the vapor pressure thus destroys the polarization of the 
resonance line by resonance in- 
teraction, but leaves the polari- 
zation of the line 4358A unaf- 
ected (729) . 

The points of Figure 43 are 
replotted in a different way in 
Figure. 44. The curves of Figure 
44 show that the depolarization 
caused by the interaction with 
atoms of the same kind is coun- 
teracted to a large extent by mag- 
netic fields. The higher the vapor 
pressure, the stronger the mag- 
netic fields that must be applied. 

The .separation of the magnetic 
levels is greater in a strong field ; 
therefore, the resonance between 
the transitions from these various 
levels to the ground state becomes 
less and less sharp and, corres- 
ponding to the theory developed 
by Kallman and London (Section 
35), the effective radius for the depolarizing perturbations becomes 
smaller. Hanle has tested this theory quantitatively by measuring 
the circular polarization of the D-line fluorescence of sodium vapor 
in magnetic fields of increasing strength and, on the whole, he found 
a good agreement between theory and experiments. The effective 
cross section was approximately proportional to S“2/3 [§ 
even at smaller values of S than predicted by the theory (577). 

According to BuhL the depolarizing cross section of mercury 
atoms for the merciiry resonance radiation does not follow Kallmann’s 
and London’s law but is proportional to 8”^. Buhl interprets his result 
by the assumption that, in this case, the coupling between the reso- 
Pringsheim 4* 



Fig. 44. Circular polarization of Na- 
rcsonance radiation as a function 
of the magnetic field strength at 
various vapor pressures (Hanle). 
a: lirF, 2-10~7 mm 
b: 12(r. 5- to-’ 

c: 135'’, 1.0-10-« 
d: IGS'-’. 
c: 195^ 5.10-^ 
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nators is due mainly to the electromagnetic field of the radiation and 
not to the dipole moment of the resonators (i 8 ^). 

From Hanle’s experiments, the effective depolarizing radius of 
sodium atoms for the Ddine fluorescence was calculated to be lO""^ cm 
or about one thousand times as large as the gas -kinetic radius. The 
effective depolarizing radius of mercury atoms for the Hg-resonance 
line is only 0.75* 10~® cm or 50 times the gas-kinetic radius. However, 
even if the energy differences between the magnetic levels of the 
excited atoms become relatively large in strong magnetic fields, the 
depolarization caused by the interaction with atoms of the same kind 



Fig, 45. Quenching of Hg- (continuous lines) and Na- 
resonance (broken lines) radiation by various gases 
(Mannkopf and Stuart). 


does not completely disappear; the curves of Figure 44 do not tend 
asymptotically toward the same limiting value. This has also been 
proved by Schuetz; in a field of 18,000 gauss he still obtained a 
noticeable depolarization of the mercury resonance line at a vapor 
pressure of 10“® mm, and, using the Malinowski method, he proved 
that the a-components are still excited under experimental conditions 
(case I) under which the 7r-components alone should be excited in 
the absence of perturbations {i 4 y 8 j 4 yg). 

39. Quenching of Resonance Radiation by Collisions. While in 
“transferring” collisions, which were dealt with in the foregoing 
sections, the main part of the electronic energy remains in the 
primarily excited atoms, genuine “quenching” collisions are character- 
ized by the complete loss of the excitation energy. (If both processes 
occur simultaneously, it is difficult to separate them). 

The quenching of the fluorescence of vapors by the addition of 
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foreign gases (atmospheric air, oxygen, chlorine, etc.) has been 
described by Wood in one of his first papers dealing with resonance 
radiation. The first systematic measurements on quenching were 
published by Stuart and by Maimkopf for the resonance radiation of 
sodium and of mercury, respectively (Figure 45) { 976 , 1 ^ 95 )' Zemanski 
has brought forward a number of objections to the lack of precision of 
these early observations. In the case of mercury, no distinction had 



Pressure in mm 

Fig. ^0. Quenching of Na-resonance radiation by various gases 
(Norrish and Smith). 


been made between the transfer into the metastable level and genuine 
quenching. The possibility of an increase of intensity caused by the 
broadening of the absorption lines has already been mentioned. If, on 
the other hand, the exciting line is very narrow — for instance, if it is 
emitted by a resonance lamp — it is absorbed less if the absorption 
line is broadened; thus, the intensity of the fluorescence becomes 
weaker without any real quenching action by the foreign gas. According 
to Zemanski, the quenching of the mercury resonance by inert gases, 
shown in Figure 45, is due to this cause alone. To avoid these effects, 
the measurements must be limited to pressures of the quenching gases 
so low that the width of the lines is still essentially determined by the 
Doppler effect. Another possible source of error is a chemical reaction 
of the metal vapor with the foreign gas — for instance, of mercury 
with oxygen or of sodium with nitrogen — by which the pressure of the 
metal vapor can be altered in an uncontrollable manner { 463 ). Because 
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of the latter effect, Mannkopf’s and Hamos’ values for the quenching 
of sodium resonance radiation are probably too high. Norrish and 
vSmith took special precautions for avoiding this source of error (sec 
Tables 19A and B). Some of their results are represented in Figure 46, 
in which the reciprocals of the fluorescence yield are plotted versus 
the pressure of the quenching gas as straight lines, thus proving the 
validity of the Stern-Volmcr equation (ii4y). Finally, the 
quenching eflicienev can be increased if the resonance radiation is 


5 



Fig. 47. Zem an ski's apparatus for 
the determination of quenching 
cross sections. 


L: light .source. /?: resonance 
lamp. Q'. cell containing llg- 
vapor and quenching ga.s. : 
photocell in position 1. Pg- 
photocell in position 2. 5: 

screens. 


' ‘imprisoned' ’ in a metal vapor of 
relatively high pressure; because 
of the longer lifetime of the ex- 
cited states, the probability of a 
quenching collision becomes larger. 

In spite of all these objections, 
Stuart’s and Mannkopf’s papers 
already contained most of the 
principal results, to which only 
some quantitative corrections had 
to be introduced afterwards*: (i) 
various foreign gases differ widely 
in their action on a given excited 
atom, and the same gas acts very 
differently on various excited 
atoms; ( 2 ) if the quenching process 
is to be described by the Stern- 
Voimer equation, “effective” radii 
must be introduced instead of the 


gaskinetic radii. If, for instance, 
the quenching efficiency of oxygen was assumed to be 100% in 
Stuart’s experiments, an effective radius had to be ascribed to the 
mercury atoms in the state 6^Pi which was 3.3 times larger than the 
gas-kinetic radius. (According to more recent measurements, the 
effective radii seem to differ less from the kinetic radii in this parti- 
cular case.) 

Zemanski’s own method for measuring the quenching of the 
mercury resonance radiation is claimed to avoid all the objection 


• It may be ^mentioned here that even more recent measurements cannot 
claim absolute quantitative reliability. Thus,, the quenching cross section of 
hydrogen for the Cd resonance line 3261 A is listed in two papers as 0.67 and 
3.54* cm*; in both determinations the same method was used and no 
reason could be found to explain the discrepancy. (See Table 15). 
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mentioned above. It was later applied by Bates and Evans to a great 
number of quenching gases. In P'igure 47, mercury vapor contained 
in a thin plane -parallel cell Q is excited by a parallel beam coming from 
another resonance lamp R. The intensity of the total radiation leaving 
Q in the direction of the primary beam is measured by means of 
a photoelectric cell P. In order to separate the resonance radiation 
emitted by Q from the primary light, P is placed either immediately in 
front of Q (position P^ or at so great a distance from Q that practi- 
cally only the parallel primary beam enters P (position Pj). Increasing 
quantities of the quenching gas are successively admitted into Q, An 
exact mathematical treatment of the problem can be given. The 
effective cross sections obtained by tliis method are, in general, 
smaller than those given in the earlier papers. Zemanski’s results are 
listed in Table 14 together with some data published by Bates and 
Evans (67,569,192^,7926). 


Table 14 

Quenching cross Sections of Various Gases for Mercury 
Resonance Radiation* 


Gas 

a in cm® • 10^* 

(;a«; 

1 ~ 
I in cm® • 10‘* 

1 

Gas 

a in cm* -10“ 

Hp 

1.43 

1 

8.0 

CH, 

0.085 

DyO 

0.40 


11.9 


0.6 

NH, 

4.2 

02 

19. 9** 

CaH, 

2.26 

NO- 

35.3 

He 

negligible 

C4Hi„ 

5.88 

CO, 

3.54 

Ne 

0.325 

C,H,, 

34 

N, 

0.27 

A 

0.223 

C-aH, 

48 





CoHc 

59.5 


* Many of the figures contained in tJiis table are taken from Mitchell and 
Zemanski's Resonance Radiation and Excited Atoms; in some cases they deviate 
considerably from the figures published l y the authors in their original papers. 
Mr. Zemanski was kind enough to inform me that the deviations are caused by 
corrections which he found necessary to introduce in his calculations. 

** It is difficult to understana why the value cin^, derived from 

Mannkopf's curve, is so much larger. At the corresponding half-pressure of O^, 
the broadening of the absorption line by collisions is still negligible. The values 
for the rare gases are taken from a paper by Olsen ( 7775 ^). 

For comparison’s sake, the gas-kinetic cross sections of normal 
mercury atoms may be mentioned: they are 1 1 • 10“^^ cm^ in nitrogen 
and of the same order of magnitude (between 9 and 1 1 • 10“^® cm^) in 
all other gases listed in the table. According to Samson, the diffusion 
coefficient of metastable mercury atoms in oxygen is between 15. 1 and 
18.4- 10^1® cm^ — about as large as the quenching coefficient in oxygen 
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— SO that, in this case, the gas-kinetic and the quenching coefficients 
would seem to be practically identical. The size of mercury atoms in 
the metastable state, measured by their coefficient of diffusion in 
nitrogen, is also nearly the same as tJie size of normal mercury atoms 
derived from the kinetic theory of gases (1252 ,1408, lySg^iygia).*^ 
Two independent determinations of the quencliing of the mercury 
resonance radiation by and 1)2 have been published; it is \ cry 
striking that both papers reproduce curves plotting the Ihiorescence 

intensity versus the gas pressure 
which coincide exactly for hy- 
drogen and deuterium. Since the 
numbers of kinetic collisions are 
inversely proportional to the square 
roots of the molecular masses, the 
effective quenching cross sections 
of Hg and D 2 derived from the 
curve of Figure 48 are directly 
proportional to these sejuare roots. 
As a matter of fact, the values 
given in 'I'able 14 for Dg and Hg 
correspond to the ratio 11.9/8.6 -- 
1 .4 ~ Thus, the smaller num- 
ber of collisions is exacth^ com- 
pensated by the smaller velocities 
of the molecules or by the longer 
Pressure in mm duration of the individual collisi- 

Fig. 48. Quenching of Hg-resonance on. While, in general, a law of 
radiation by H, (closed circle) and ^ governs the interaction 

^2 (open circ e) (Juppe). of particles in nuclear physics, this 

is the only case where it has been found to be valid for the interaction 
between excited atoms and quenching molecules {jOgj^gS). 

Even for the quenching of the corresponding resonance line of 
cadmium 3216A by Dg and Hg, the ratio of the cross sections is quite 
different, about ^2 instead of 2- (The second pair of values mentioned 
in Table 15 even yields a ratio below Vs) - The quenching cross sections 
of other gases and vapors for the cadmium resonance line are collected 
in Table 15. As mentioned, some of the values published by different 
investigators do not agree very satisfactorily. The results marked 

* From measurements of the diffusion in mercury vapor Couliette derived 
an effective cross section of metastable Hg (6 ®Pq) which was 1.5 times as large 
as that of normal mercury atoms [Phys. Rev. 32, 636 (1928)]. 
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with one asterisk seem to be the more reliable ones {66,gi,g43JS6i) . 


Table 15 

Quenching Cross Sections of Various Gases and Vapors for 
THE Cd Resonance Line 3261A 


Gas j 

r7-10*» 1 

Gas j 

rr-lO’* 1 

j Gas 

a • 10»* 

He 

3.5.1* (0.67**) 

CH, 

0 . 012 ** 

Cell, 

24.9* 

He 

1.80* (0.19**) 

cji„ ; 

0.024** 

C 3 H 3 

29.1* 

CO 

0.14** 1 

CeHe i 

0 . 012 * 

C,H 3 ( 1 ) 

35.2* 

NH 3 

0.052* (0.041**) ' 


0.46* 

C,He ( 2 ) 

30.6* 

N, 

0 . 021 ** i 

1 

28.4* 

! CjH, 

27* 


* Aftt r St('iic'y and Lt roy 
** After Lifxson and Mitcbcdl {g4J}. 


Winans has developed a method for investigating the quenching 
of atomic fluorescence by foreign gases, which provides the possibility 
of obvserving the quenching cross sections at different relative velocities 
of the colliding molecules. The vapor of a metal halide — for instance, 
of sodium chloride - is dissociated by the absorption of ultraviolet 
light into an excited metal atom and a haljde atom according to the 
equation : 

NaCl -h hv -> Na( 32 Pj/ 2 ) Cl -f Pkin ( 26 ) 

If the frequency of the absorbed radiation corresponds to a quantum 
hv larger than the minimum energy needed for the dissociation, the 
surplus energy E^in is distributed between the two separating atoms 
according to the law of the conservation of momentum. It is thus 
possible, within certain limits, to impart to the excited metal atoms 
any desired velocity larger than the velocity of thermal equilibrium 
(62y,y8i,8ooj26ya, 1644,1848). (Processes of this kind arc discussed 
in more detail in the following chapter, Section 73). 

The method has the advantage of avoiding most of the difficulties 
mentioned by Zemanski. Since the primary absorption occurs in the 
continuous band of the molecules, the absorption of the exciting light 
is not appreciably influenced by collision-broadening, even at con- 
siderable pressures of a quenching gas. On the other hand, as practi- 
cally no unexcited atoms of the metal are present in the observation 
chamber, reabsorption and imprisonment of the resonance radiation 
are out of the question. (However, if the quenching gas has an ab- 
sorption band in the spectral region of the exciting light or of the 
resonance radiation, adequate corrections must be introduced into 
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the calculations). Finally, it is possible to investigate the quenching 
action of vapors which would reactstrongly with the metal vapor itself. 

Tables 16 and 19A list the values obtained by means of this 
method for the D-lines of sodium: cr is the effective cross section 
calculated from the “half-pressure” _/>*, and the additional velocity 
of the excited atoms due to the surplus energy, according to Equation 
(26). Compared with the thermal velocities, is, in general, large and, 
therefore, the calculation of a can be appreciably simplified by 
neglecting the thermal velocities. Under this assumption, the number 
of collisions z is given by the equation : 

- = ani\%i^{x) (27) 

where x — -y/ m / 2kT 

X 

y, {x) = jx) + (2 -f 

0 

n is the number of quenching molecules per cm® and 
m is their mass 


Table 16 

Effective Quenching Cross Section of Various Gases for the Na 
Resonance Radiation as a Function of the Exciting Wavelength 
AND THE Molecular Velocity 


Wavelength in A 

2400 

1 2380 

2311 

j 2300 

1 2232 

1 2082 

1 2026 

1990 

Vi in cm/sec • lO-"* 

0.7 

0.7 

1.3 

i 

1.7 

1 2.4 

2.6 

2.8 

Nitrogen cr • 1 0^® 
Iodine <7*10^® 

58.5 

75 

60 

1 

1 

j[.“J 

' 48 

28 

24.9 

12 

15 

38.2 

17 


The gas-kinetic cross sections of sodium in the gases mentioned 
in Tables 16, 18, and 19A lie between 31 and 41 • 10“^® cm^ for sodium 
in I 2 it is 50-10™'^®. Thus, the quenching cross sections do not differ 
much from the gas-kinetic cross sections, with the exception of argon, 
for which the ratio between quenching and kinetic cross sections is 
about one-to-ten. But even for argon, a is not vanishingly small 
as has been assumed by Zemanski for the inert gases colliding with 
excited mercury atoms. With argon as the quenching gas, each sodium 
atom suffers a number of collisions before it is quenched, so that is has 
acquired the average thermal velocity when the quenching collision 
occurs; theiefoie, an influence of the exciting wavelength on a is 
neither to be expected nor is it observed. If molecular iodine is the 
quenching gas, a decreases continuously with increasing Vi ; only for 
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the greatest value of does or show a slight increase again. The results 
obtained with nitrogen are similar, while the influence of Vj on a is 
rather doubtful with atomic iodine as quencher {803, 126yb, 1268). 

Winans’ method has the disadvantage that it is practically im- 
possible to extrapolate the quenching cross sections characteristic of 
the atoms with normal thermal velocities from values like those of 
Table 16 and, thus, to compare the results with those obtained by 
other methods. A very arbitrary extrapolation from tht^ three points 
given in Table 16 for the quenching efficiency of nitrogen leads to 
a = 83-10~^® for Vj ‘ — ' 0. This value was obtained by Hamos for 
excited sodium atoms of thermal energy, but it is certainly much too 
high and disagrees widely with the value found by Norrish and Smith 
which must, at present, be considered to be the most reliable (compare 
Table 19A).* The quenching cross sections found by Norrish for the 
quenching of the sodium resonance radiation by hydrogen and carbon 
monoxide are also hardly consistent with those bbtained by Winans’ 
method. They are inserted for comparison in Table 19A; Table 19B 
lists the effective quenching cross sections of a number of organic 
compounds for the D-lines (36^,114^). 

The quenching efficiency of hydrogen and nitrogen for the second 
doublet of the principal series of sodium 3^5) was found by 

Berry and Rollefson to be of the same order of magnitude as that for 
the D-lines (96). 

Prileshajewa measured the quenching of the green thallium line 
by various gases using Winans’ method of excitation. Table 17 gives 
the relation between a and the nature of the quenching gas for 
excitation with the radiation of a zinc spark. The complete lack of 
quenching by hydrogen is particularly remarkable [i26yh ,1268,1644). 

Table 18 lists all examples for which the quenching cross section 
has been investigated as a function of the relative velocities of the 
colliding particles. It is not possible to find any connection with the 
various processes which are assumed to produce the quenching 
(compare the following section). 

It must be mentioned, however, that in several instances other 
authors disagree with Prileshajewa in regard to the quenching 
processes {i2yo). 

♦ On the other hand, the values of Tables 16 and 19A arc in fairly good 
agreement with those obtained by other authors using the same method under 
similar conditions. Hamos’ result, and also the earlier ones published by Stuart, 
are probably caused by the fact that the sodium vapor pressure in the observation 
vessel was lowered by the reaction of the metal with the quenching gas. Norrish 
took special precautions in order to avoid this source of error. 
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Table 17 


Quenching of the Green Thallium Fluorescence 
BY Various Foreign Gases 


Quenching gas 

p* in nun 

j a • 10^‘ cm* j 


Quenching gas 

p* in mm j 

i 

a ■ 10^* cm® j 


o. 

20 

86 

1.67 

A 

300 

2.6 

0.07 

co<> 

35 

21 

0.56 

H, 

? 

0.01 

10-2* 

n/ 

m 

11 

0.29 

h 

4.9 

17 

— 

H^O 

Too 

1.0 

0.39 

I 

30 

63 

— 


1 

1 



Til 1 

5 

50 

— 


40. Mechanism of . Energy Transfer in Quenching Collisions. 

According to Franck’s principle, the electronic energy of an excited 
atom cannot be transferred directly into kinetic energy of the colliding 
particles. If the excitation energy has to be taken over almost com- 
pletely as internal energy of the quenching molecules, these must have 
some sort of excited states which are in energy resonance with the 
primarily excited atom. The most direct process of this type occurs 
if the quenching atom has among its electronic levels one of nearly the 
same energy as the primarily excited alom. Under these conditions, 

Table 18 


Variation Aa of the Quenching Cross Section with Increasing 
Relative Velocities of the Colliding Particles 


Fluorescing I 
vapor j 

II 

Na j 


Tl 

Quench ing | 

gas 

'j Aa 

!| 

I Quenching 

j proi^ ■'iss 

A a 

Quenching 
pn /ccss 


irregular 

reaction ? 

0 

? 


negative 

collision of the 
2d kind 

0 

collision of the 
2d kind 

o. 

— 

— 

negative 

reaction 

. CO 

irregular 

collision of the 
2d kind 

0 

1 

1 

collision of the 
2d kind 

COg 

negative 

reaction 

positive 

reaction 

HjO 

— 

1 

0 

collision of the 
2d kind 

Brj 

negative 

reaction 

— 

— 

I* 

negative 

reaction 

negative 

reaction 

I (atomic) 

irregular 

collisions of the 
2d kind 

irregular 

collision of the 
2d kind 

Til 



positive 

collision of the 
2d kind 
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the second atom is able subsequently to emit its characteristic radi- 
ation as ‘‘sensitized fluorescence.” This very important phenomenon 
is treated vSeparately in the last part of this chapter. 

The hypothesis of energy resonance between electronic transitions 
and nuclear oscillations of diatomic molecules has proved its usefulness 
in the discussion of the induced transfer of excited mercury atoms into 
the metastable state. Several authors have tried to apply the same 
hypothesis to genuine quenching, assuming that the colliding molecule 
takes up a great number of oscillation quanta at once. Table 19A 
provides an example of this kind for the quenching of the sodium 
resonance radiation, A is the difference between the electronic energy 
of the atom and the vibrational energy of the molecule containing v 
quanta of oscillation. 

Using the figures of Table 19A, Kondratiev and Siskin plotted 
a “resonance curve” of the same type as the curve of Fig. 38; they 
obtained similar results for the quenching of the green thallium line. 
However, the authors themselves point out that the quenching cross 


Table 1 9 A 

Effective Cross Sections for the Quenching of Sodium Resonance 
Radiation as a Function of the Energy Resonance 


Quenching gas 

i 

N, 

NO 

O. 

CO 

H. 

Number of oscillation 
quanta v 

s 

10 

12 

8 

4 

Oscillation energy in eV . . 

1 

2.24 

2.18 

2.12 

2.03 

1.93 

d in eV 

j 

0.08 

1 

0.02 

-0.04 

1 -0.13 

-0.23 

in cm^ . 10 ^® 

1 

I 

! 

24.9 

1 31.6 

I 52.2 

! 13.4 

15.7 

(The same after Norrish) . 

i (14.5) 

Lu:: 




(28) 

(7.4) 


Table 19B 

Effective Cross Sections for the Quenching of the Sodium 
Resonance Radiation by Hydrocarbons 


Saturatecl compounds 

<7. 10»‘ 

j Nonsaturated compounds 

a • 10« 

CH4 

0.11 

C 2 H 4 

44 

CjH. 

0.17 

CsH, 

52 

C 3 H 8 

0.2 

C 4 H 2 

58 

Cyclohexane 

0.4 

CeH, 

75 

iso-octane 

0.8 

Hexadiene 

76 
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section a ^ 0 found for the quenching of the thallium fluorescence by 
hydrogen is in complete disagreement with the hypothesis, and they 
draw the conclusion that the interpretation of the curves as resonance 
curves cannot be upheld. Moreover, the transfer of electronic energy 
into nuclear vibrations of such great amplitudes would be in contra- 
diction to Franck’s principle in no lesser degree than the direct transfer 
into translation energy of the molecules. Thus, otlier possible processes 
producing these quenching actions must be looked for {803 ) . 

The first instance in which at least the overall reaction of a 
quenching collision could be determined was the weakening of the 
mercury resonance radiation by hydrogen. Franck and Cario proved 
that if a mixture of mercury vapor and hydrogen is irradiated with the 
mercury resonance line, hydrogen molecules are dissociated. The 
formation of atomic hydrogen can be proved by the reduction of a 
metal oxide such as copper oxide or tungsten oxide, or, if oxygen is 
present in the vessel, by the formation of water. The rate of dissocia- 
tion can be followed by measuring the decrease in gas pressure, all 
newl}^ formed water vapor being frozen out. If oxygen is present at too 
high a pressure the reaction is inhibited by the strong quenching 
action of oxygen itself. On the other hand, the rate of reaction becomes 
small at low hydrogen pressures and correspondingly low probabilities 
of a collision between a hydrogen molecule and a short-lived excited 
Hg(^Pi)-atom. The curves representing the quenching of the mercury 
fluorescence and the hydrogen dissociation as functions of the hydro- 
gen pressure are exactly f>arallel ; the number of quenching collisions 
is proportional with the number of dissociation processes and probably 
the latter occur with a yield of 100 %. The dependence of the reaction 
rate on the hydrogen pressure disappears almost completely if nitrogen 
is added to the gaseous mixture ; under these conditions the excited 
mercury atoms, which by collisions with nitrogen molecules have been 
transferred to the meta stable state have a high probability of 
colliding during their long lifetime with hydrogen molecules even at 
low hydrogen pressures. Mercury atoms in the states ^Pj and ^Pq 
seem to be about equally efficient in dissociating hydrogen molecules 
{202a, 301,10220), 

The most obvious interpretation of the mechanism of this typical 
sensitized photochemical reaction, which is represented by the 
equation : 

Hg(63Pd + ^ Hg(6iSo) + H(l2So) + (28 ) 

must probably be discarded. From the theoretical viewpoint, it is 
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prohibited by Wigner’s law of the conservation of spin angular 
momentum, according to which the loss of electronic spin in the 
triplet-singlet transition of the Hg-atom must be compensated by a 
corresponding increase of spin in the other partners of the process. 
This question has been discussed at length by Laidler (557). 

Furthermore, the heat of dissociation of hydrogen is only 4.46 
eV, so that the relatively large energy of 0.4 eV must be transferred 
into kinetic energy of the colliding particles. Conditions are only 
sliglitly more favorable for deuterium, with a heat of dissociation 
equal to 4.54 eV. Tlie cadmium resonance line 3261 A is quenched by 
hydrogen almost as strongly as the mercury resonance radiation, 
although the excitation energy of the cadmium atom is only 3.78 eV 
and is thus insufficient for the process described by F2quation (28). The 
appearance of HgH- and CdH-bands, respectively, in the fluorescence 
spectra (see Section 74) proves that the.se compounds are formed in the 
mixture of the metal vapors with hydrogen under the influence of the 
irradiation [gi,c)2, 1^)62 ,1630). Thus, one must assume that the primary 
quenching process follows the equation: 

M* -f H2 -^MFI + H (29) 

In the case of cadmium, the available energy is just sufficient for this 
process ; in the case of mercury, the surplus energy can be taken over 
by the HgH-moJecules as nuclear vibration and rotation energy. 
Beutler and Rabinowitch have shown that a high rotational energy 
results with great probability from this type of reaction if the metal 
has a high atomic weight [106), The concentration of the Hgll- 
molecules remains small, however; because of their small heat of 
dissociation and their great vibrational energy, they dissociate almost 
instantaneously. 

If the fluorescence of zinc vapor is excited by the full radiation of 
a zinc arc, the intensity of the triplet lines is much more reduced in the 
stepwise-excited fluorescence spectrum by an addition of 0.02 inm of 
hydrogen than the red singlet line (Section 17). Bender concludes that 
a reaction of Zn(4^Pi) with IF is more probable than that of Zn (4^P]), 
because of better energy resonance ; the energy of the singlet state is 
5.77 eV or larger by 1.31 eV than the heat of dissociation of Hg. 
However, it must also be taken into account that the lifetime of the 
singlet state is more than ten thousand times shorter than that of the 
triplet state (92). 

The quenching of the mercury and cadmium resonance radiation 
by saturated hydrocarbons is followed by polymerization and other 
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transformations of the organic molecules. The primary process is 
supposed to be of the same type as in the quenching by hydrogen (com- 
pare Section 74) : 

-f- CnH2n-)-2 -> MH -f- C„H2«fl 

The subsequent chemical reactions of the radicals need not be dealt 
with in this connection. The effective cross sections are relatively 
small (see Tables 14 and 15), with the exception of the heaviest 
compound {257,589,1063,1558,1559,1561,1563-1565 ) . 

The effective quenching cross sections of the unsaturated hydro- 
carbons are much larger. In this case, the primary process is not 
connected with a photolysis of the compounds; the electronic energy 
of the mercury atoms is transformed into excitation energy of the 
colliding molecule. For instance, for ethylene: 

->Hg-f-C2H,* (31) 

with subsequent reactions of the type : €0114^ -> + C2H4 

-^CgHg; etc. {699,903-905,1054,1560). However, ethylene absorbs only 
about 20% of the total energy as electronic excitation energy ; the 
remnant must be transfen'ed into vibrational energy of the molecule. 
(This would not be at variance with the Franck-Condon principle, since 
the molecules are transferred simultaneously to a different electronic 
state). Because of tliis great internal energy, it is not improbable 
that the primary reaction is followed by a dissociation of the rxcit(‘d 
molecule before the polymerization can occur. Such an event is much 
less probable if the process is sensitized by the presence of excited 
Cd (5^Pi) or Zn (4^Pi) atoms, because of the appreciably smaller 
excitation energies of cadmium and zinc {548 a, 5486, 5 58, 589 904). 

The quenching of the mercury resonance radiation by acetylene 
is ascribed to the analogous mechanism followed by a polymerizing 
chain reaction: 

Hg {3Pd + C2H2 -> Hg + (C2H2)* 

(C2H2)* -f C2H2 -> {C^U^)^*; etc. 

This polymerizing process is inhibited by the presence of NO, perhaps 
due to the formation of CgHgNO {697,905,1012). 

Hydrogen-deuterium exchange reactions in mixtures of the 
vapors of ammonia, phosphene, or methane and heavy water are 
photosensitized by mercury vapor irradiated with the mercury 
resonance line {380,1013). 

Chemical reactions are known to occur in many processes by 
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which the mercury resonance radiation is quenched but, in general, 
it is difficult to ascertain the mechanism of the primary energy 
transfer. When the resonance radiation is quenched by oxygen, the 
gas disappears gradually, while solid HgO is deposited on the walls; 
simultaneously the fluorescence regains its initial intensity if a 
sufficient supply of mercury is available {463,882,1148). If mercury 
vapor is excited in the presence of oxygen through a Mrozowski filter 
transmitting the hyperfine-structure components II and III of the 
line 2537 A (Figure 19 ), only even isotopes are transferred into the 
state and react subsequently with oxygen. In this way, a partial 
separation of the mercury isotopes can be achieved (1935). 

If NO is the quenching gas, the gas pressure drops slowly to 
one-half of its original value [6^,1629). According to Noyes, this is due 
to the formation of Ng, while the oxygen reacts again with the mercury 
to form HggO. The sensitized photolysis of Nllg and ND3 by collisions 
with excited mercury atoms occurs, according to Melville, in two steps : 
by a first collision, the mercury atoms are transferred into the 
metastable state (see Section 37 ) ; by another collision of the metastable 
atom, an ammonia molecule is dissociated. This second process has 
a relatively small probability and is, therefore, very sensitive towards 
minute admixtures of hydrogen w^hich “quenches” the metastable 
atoms before a second effective collision with an NII3- or ND3- molecule 
takes place {1011,1041,1130). 

While the quenching cross section of ND3 for the mercury reso- 
nance radiation is appreciably smaller than that of NH3, corresponding 
to the greater energy deficiency Af of — 0.072 eV against 0.016 eV 
(Figure 38 ), the quenching efficiencies of PH3 and PlJg are nearly the 
same, although, in this case too, the vibrational frequency of the 
ground state of PH3 is in much better energy resonance with the 
transition 6 ^Pq of the mercury atoms {Ae ~ 0.012 eV for PH3 

as compared with 0.07 eV for PD3). Moreover, the quenching cross 
sections of the phosphines are much larger than that of ammonia 
(26 and 29 * 10 ”'^® against 4 - 10 ~^® cm^) and, finally, the mercury- 
sensitized decomposition of the phosphines is very little inhibited by 
the presence of hydrogen. It must be assumed, therefore, that, in this 
instance, a coDision with an excited mercury atom produces the direct 
transition fi^P^ -> 6 ^ 5 o and the decomposition of the colliding molecule 
with much greater probability than the transition 6^Pi -> fi^P^, which 
would be due to the intake of vibrational energy by the phosphine 
molecules {1014). 

It is very improbable that the quenching of the sodium and 
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thallium fluorescence is primarily due to chemical reactions of the 
excited atoms. If the foreign gas is monatomic, the formation of a 
molecule in a simple collision is impossible because of the conservation 
of momentum, e\ra if the two partners are able to form a stable 
molecule. This applies, for instance, to the quenching of the sodium 
resonance radiation by atomic iodine ; the two atoms approach each 
other along a potential curve with a deep potential minimum, but, at 
the point of closest approach, they liave suifleient potential energy to 
separate again along the same curve. This is true for the unexcited 
state as well as for the excited state of the sodium atom. However. 

Laidler has pointed out that the 
potential curves representing 
these two states may draw so 
near to each other at some point 
(Figure 49) that a transition from 
one to the other would no longer 
disagree with the Franck-Condon 
principle. 

It the same considerations 
are applied to the quenching of 
the sodium resonance radiation 

Fig. 49. Potential curves for quench- , i i i j j • 

ini vvithont transfer of excitation molecular hydrogen and n.- 
energy (Laidler). trogen, or by hydrocarbons, the 

. two-dimensional potential curves 
must be replaced by three-dimensional or polydimensional surfaces, 
since the relative positions of the individual atoms within the 
quenching molecules are also influencing the interaction with the 
excited atom. In this case, curves like that of Figure 49 would 
represent a cross section of such a potential surface {S^y). 

These statements are only a more elaborate formulation of a 
general idea which has been ’ enunciated at a much earlier date by 
Franck and Eucken and has been repeated since by several authors 
in slightly different ways. The probability of the transfer of any kind 
of energy into vibrational energy of a molecule by a collision is large 
only if the potential curves of the molecule undergo a strong deformation 
by the interaction between the colliding particles, and this always 
occurs if one of the colliding particles is a radical or a chemically 
reacting atom or, more generally speaking, a particle with a strong 
external electric field. According to Eucken, every exchange of energy 
between two molecules must be treated as the beginning of a chemical 
reaction [ 41 4 ) > 



ENERGY TRANSFER IN QUENCHING COLLISIONS 


123 


While the quenching of the mercury resonance radiation by 
saturated hydrocarbons is accompanied by a photosensitized reaction, 
this cannot be assumed for the quenching of the sodium resonance by 
the same compounds. Neither is the available energy sufficient, nor 
have such reactions actually been observed. Nevertheless, the quench- 
ing Cl OSS sections are of the same order of magnitude for the resonance 
radiation of mercury and sodium, and they are in both cases much 
smaller for the saturated hydrocarbons than for the nonsaturated 
compounds. The strong external fields of the latter have a much larger 
influence on the probability of the energy transfer than the possibility 
of an actual chemical process {6g8). 

The rare gases, like argon, are very weak quenchers, but they are 
not quite ineffective. They cannot take 
part in a chemical reaction nor take up 
electronic or vibrational energy. Attrac- 
tion curves with a potential minimum 
do not exist either ; but, at small nuclear 
distances r, the two repulsion curves I 
and II of Figure 50 can cross at b, or at 
least can come so close together at y-y' 
that a transition from one to the other 
becomes possible. At this point of close 
approach, the energy levels of the fluor- 
escent atom are so much distorted by the 
interaction with even a rare-gas atom that there is practically no dif- 
ference between the energy of the excited and the unexcited atom, a 
transition from one to the other consists only in a rearrangement of the 
electronic configuration. As these transitions occur at very small 
internuclear distances, the effective cross sections for quenching 
collisions of this type are very small and increase with increasing 
temperature. According to Oldenberg, the quenching efficiency of 
argon for the resonance radiation of mercury is very low at room 
temperature and becomes nearly four times larger when the tempera- 
ture is raised to 750° C. In this case the quenching is not caused by the 
transfer to the metastable state but by direct transfer to the ground 
state of the excited atoms so that the electronic excitation energy is 
completely converted into kinetic energy of the separating atoms 
[658,1167), 



for quenching by a rare gas 
[Jablonski (655)]. 

I : metal atom in ground 
state. II: metal atom in 
excited stale. 
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H, Sensitized Fluorescence 


41. Nature of the Phenomenon and the Importance of Energy 
Resonance. The process wliicli has l)een defined in ihc last st'clion as 
sensitized fluorescence has the greatest probalnlity of occuring if tlie 
foreign atoms colliding with the excited atoms have an electronic 
state with an energy very close to the excitation energy of the latter. 
The lin(\s originating from this electronic state will have tlie greatest 
intensity in the spectrum of tlie sensitized fliiort'scence. In order to 
provide a snflicient nnmlxa' of collisions with the primarily excited 
atoms, the partial pressure of the second vapor must not lx* too low. 
'JlKTctoie, tlie lines leading to the ground state will be relatively 
wcaik<au'(l by reabsorption. If the eniTgy resonance between the 
electronic states of the absorbing and the emitting atom is not very 



Tig. .51. Apparatus for ])roduction of sensitized fluorescence (Cario). 
.S': light .sourre, Q: resonance lamp. Oj, p^, and O^: electric ovens. 


good, the kinetic energy of the colliding atoms may be so much in- 
creased that the reabsorption is considerably reduced. These theoreti- 
cal predictions which are due to Franck are in general agreement with 
the intensity distributions which were observed in the spectra of 
sensitized fluorescence. 

The phenomenon was discovered by Cario in a mixture of mercury 
vapor and thallium vapor irradiated with the mercury resonance line 
2537A { 201 , 202 b). The observation chamber and two side tubes were 
heated by three independent ovens so that the temperature of observa- 
tion and tlie vapor pressure of the two metals contained in the side 
tubes could be adjusted separately (Figure 51); the pressure of the 
mercury vapor was 0.25 mm and that of the thallium vapor, 2 mm. 
The fluorescence spectrum obtained under these conditions consisted, 
apart from the mercury resonance line, of a great number of thallium 
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arc lines. The thallium lines disappeared, together with the mercury 
resonance line, if the exciting water-cooled arc lamp was replaced by 
a hot mercury lamp {316). 

In the same way, sensitized fluorescence was later obtained in the 
vapors of the alkali metals, of silver, cadmium, zinc, lead, and indium, 
while experiments with antimony and arsenic gave negative results. 
In all these instances the primarily excited atoms were mercury atoms. 
Atomic fluorescence sensitized by light absorption in the vapor of 
another metal has not yet been observed (jio, 803, 821, g^ga ,1843,1846) . 

The earlier papers of the Goettingen school give the impression 
that, in spite of the preferential excitation of electronic states with 
small energy differences, the secondary emission of lines for which the 
available surplus energy exceeded 1 eV was directly stimulated by 
collisions with excited mercury atoms. Beutler’s and Josephy’s 
investigation of the mercury photosensitized fluorescence of sodium 
showed unambiguously the extraordinary importance of energy 
resonance for the efficiency of the energy transfer in sensitized 
fluorescence (100,103). (It must be emphasized, however, that even 
before the disco ver\’ of sensitized fluorescence J. Franck put forward, 
for the first time, the principle which bears his name). 


Table 20 

Energies of Various Na- and Hg-XERMS 


Na-term . . . . 

' 4D 

65 

5P 

IS 

6D 85 

ID 

95 j 

8/J 1 

105 

Energy in eV . 

1 4.26 

4.50 

4.58 

1 

4.71 

4.751 4.81 

4.84 

4.88 j 

4.92 1 

4.94 


Hg-term .... | 6*Po 

Energy in eV . j 4.08 4.80 


Table 20 lists the energies of various terms of the sodium atom 
and, for comparison, the energy of two mercury terms. In general, 
the intensity of the lines of a series decreases rapidly with increasing 
order, so that the fine 95 3P is one of the weakest in the emission 
spectrum of sodium vapor under normal conditions. In the spectrum 
of sensitized fluorescence, however, this line is particularly strong, 
while the line 4D 3P, which would be much stronger in a normal 
spectrum, is very weak. As shown in Table 19, the energy of the term 
9S is very nearly the same as the energy of the mercury level G^P^ and, 
thus, the sodium atoms are transferred with greatest probability into 
the level 95 by a collision with an excited mercury atom. On the other 
hand, the lines corresponding to the transitions 95 3P (4423 and 
Pringsheim 5 
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4420A)* have the greatest intensity of all the lines originating from the 
state 9S. The effective radii, which were calculated from the intensity 
of the lines, the intensity of the primary radiation and the vapor 
densities, were several hundred times larger than the kinetic radii. 

By an addition of nitrogen to the mixture of the metal vapors, 
most of the excited mercury atoms can be transferred into the rne- 
tastable state before they collide with a sodium 
atom. The state of mercury is in almost com- 
plete energy resonance with the Xa-term 7S and, 
therefore, the line 7S 3P (4750A) becomes pre- 
valent in the sensitized fluorescence spectrum of 
sodium under these changed conditions. 

Whichever of the two lines is emitted prim- 
arily, the (^mission of the D-lines must always follow 
as a second step in the return from the state 37^ to 
the ground state. As far as estimates of the relative 
intensities permit one to draw a conclusion, the 
emission of the D-lines was not excited in these 
experiments by any other more direct mechanism. 
(That the D-lines were found to be abnormally 
broadened under these conditions of excitation is 
no proof for a Doppler effect due to the transfer 
ofagreat amount of kinetic energy in a direct exci- 
tation of the state 3P. Because of the relatively low 
mercury vap(»r pressure, the fluorescence was ex- 
cited in rather deep layers of the vapor, so that the 
D-lines were partially self-reversed on their way to 
the exit window). 

These results lead to a more comprehensive 
the sensitized fluorescence which was observed in 
other metal vapors. The fluorescence of indium may serve as a typical 
example (j/o). The lines obtained by Donat are listed in Table 21, 
the spectrum is reproduced in Figure 52 and, schematically, in the 
Grotrian diagram of Figure 53. The resonance between the indium 
terms 7P and 6D, with energies of 4.78 and 4.80, and the mercury 
level G^Pj is sufficiently good. From these two states, stepwise trans- 
itions lead to all lower levels of the Grotrian diagram from which 
the lines of Figure 52 and 53 originate. As far as the lines 2602 and 
2521/23 are concerned, it must be considered that at an observation 

* The doublets were not resolved on the spectrograms and, therefore, the 
corresponding indices were omitted in the designation of the terms in Table 20. 


2523/21 

2560 

2710 

2715 

2837 

2933 

3039 

3259/56 


4511 


Fig. 52. Spectrum 
of Hg-sensitized 
fluorescence of 
indium (Donat). 
a ; mercur}^ spec- 
trum. 6 .-fluores- 
cence spectrum. 

interpretation of 




SENSITIZED FLUORESCENCE 


127 


temperature of 900° C an appre- 
ciable number of indium atoms 
are in the metastable state 
which lies 0.272 eV above the 
ground state. The transition 
l^D ^ 52 P 3/2 in the indium atom 
is again in good resonance with 
the mercury line 253 7A. 

It is not possible to explain 
the line intensities observed in 
the sensitized thallium fluores- 
cence spectrum by similar con- 
siderations. The only thallium 
term with an energy close to 
the energy of the mercury state 
6 ®Pi is the term 85, its energy 
being 4.77 eV. There are some 
lines in the spectrum originating 
from this level. Furthermore, the 
level 75 can be reached from 85 
via IP and, thus, the occurrence 
of the strong lines 5350 and 
3776A (see Figure 9) can be 
understood. However, the line 
3529A originating from the level 
6 P 3/2 (4.45 eV) is almost the 
strongest in the whole fluores- 
cence spectrum. A spontaneous 
transition 85 -> 6 Z) is forbidden 
and a primary excitation of the 
state ^Pij 2 > with an energy of 
5.11 eV, is also out of the qu- 
estion. Thus, it was assumed by 
Cario that the thallium atoms 
were directly transferred by col- 
lisions wtih excited mercury- 
atoms into the state 6 D 3/2 with 
the relatively high surplus kinetic 



Fig. 53. Grotrian diagram of indium 
(Donat). 



Pringsheim 5' 
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Table 21 

The Spectrum of Sensitized Fluorescence of Indium 


Wave 
length (A) 

Inten- 

sity 

1 

Terms involved 

Energy e V 
of upper 
term 

Wave 
length (A) 

Inten- 

sity 

Tenns involved 

Energy eV 
of upper 
term 

4511 

v.st. 

1 / 2 “^ P’ 3/2 

3.00 

2754 

Hg* 

75 i/2~5Pi/2 

4,46 

4102 

st. 

l/2“^Pl/2 

3.00 

2715 

w. 

^Ps/2“5P3/2 

4.80 

3259 

V.st. 


4.04 

2710 

st. 

^>A/2-^^>P3/2 

4.80 

3256 

n.s. 

^p3/2"^P3/2 

4.04 

2602 

v.w. 

^5' i/2~^P3/2 

5.01 

3039 

st. 

^^ 3 / 2 “*^ Pi /2 

4.04 

2560 

w. 

^^P3/2~^Pl/2 

4.80 

2933 

st. 

1 

75 1 / 2 - b P 3/2 

4.46 

2523^, 

2521 J 

v.w. 

J 

Pzl2~^P‘il2 

7P5/2-5P3/2 

5.15 

(4.88)t 

5.15 


V. : very strong; st. ; strong; w. : weak; v.w. : very weak; n.s. : not separated. 
* Hidden by mercury line, 
t 5.15-0.27 4.88 (5P3/2-5P1/0 - 0.27 eV). 

energy of 0.41 eV divided equally between the two atoms. Despite 
the resulting Doppler effect, the small intensity of the other line 
originating from 6 D 3/2 and leading to 6 P 1/2 was ascribed to the re- 
absorption of this line in the thallium vapor { 202 b). 

However, it is very probable that many other processes have to 
be taken into account for a complete explanation of the phenomenon. 
Under the conditions of the experiment, a part of the excited mercury 
atoms may have been transferred into the metastable state by the 
interaction with other mercury atoms. Furthermore, excited Hgg- 
molecules can be formed by collisions of normal Hg-atoms with 
mercury atoms in the states 6^Pq or The very complicated 

potential-curve system of these molecules is shown in P'igure 81. 
Finally, excited mercury atoms may combine with thallium atoms to 
form excited HgTi-molecules and these may dissociate later intonormal 
mercury and excited thallium atoms. 

Insofar as the second of these assumptions is concerned, Mrozowski 
has actually shown that sensitized thallium fluorescence can be pro- 
duced by primary excitation of Hgg-molecules, although it is true that 
in his experiments the mercury vapor pressure was appreciably higher. 
Under these conditions, the sensitized thallium fluorescence was ex- 
cited by primary lines which are not absorbed by monatomic mercury 
vapor {loygh). (This process will be dealt with in more detail in 
Section 79). 

As mentioned in Section 39, the resonance radiation of mercury 
is almost completely quenched in mercury vapor saturated at 250° C ; 
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simultaneously, the lines of the sensitized thallium fluorescence not 
only become stronger than at the mercury vapor pressure most 
favorable for the emission by the mercury atoms themselves, but the 
intensity of the thallium line 3776A does not decrease if the mercury 
vapor pressure is raised to more than an atmosphere (350°). The 
thallium vapor pressure need not exceed a few hundredths of a mm 
so that an excited mercury atom or molecule will, on the average, 
collide with a thallium atom only after 10,000 collisions with other 
mercury atoms. According to Mrozowski’s later observations, it can 
hardly be doubted that in these experiments also, not only metastable 
Hg-atoms but Hgg-molecules contributed, at least partially, to ward the 
conservation of the excitation energy over so long a period (1182). 

The third hypothesis mentioned above is supported by two facts. 
The formation of HgTl-molecules under favorable conditions has been 
proved by the appearance of emission bands characteristic of these 
molecules. On the other hand, the emission of the mercury resonance 
line following the dissociation of excite^i Hgg-molecules has been 
observed in many experiments. 

A few lines occur in the sensitized fluorescence of thallium which 
require excitation energies of up to 5.5 eV, since they originate from 
the levels 8Z) and 9S. Their appearance can be explained by the fact 
that at 800° C a small fraction of the thallium atoms is in the meta- 
stable state 6Pg/2, as proved by noticeable absorption of the green line 
in the vapor. From 6P3/2, the thallium atoms can be raised with 
fairly good energy resonance into one of the higher P-states by col- 
lisions with excited mercury atoms (for instance 1 1 P-6P3/2 = 4.81 eV). 
(This mechanism cannot suffice to explain the appearance of the strong 
line 3529A in the fluorescence spectrum). 

At a temperatuie of 800° C in the observation chamber, the lines 
of the Cd-triplet 5086-4800-4678A were obtained in the mercury 
sensitized fluorescence of cadmium vapor, though with very smafl 
intensity. These lines require an excitation energy of 6.3 eV. If the 
vapor pressure is kept constant while the temperature in the obser- 
vation chamber is lowered to 400° C, the lines disappear. Thereby it is 
proved that the surplus energy actually is furnished by thermal 
agitation, and since the cadmium atoms have no metastablc state of 
higher energy above the ground state like the thallium atoms, this 
energy must be provided either by the transferring collision itself or 
by a second collision during the life of the excited state. The average 
kinetic energy of the atoms is only 0.11 eV and, thus, collisions with 
a surplus energy of 1.4 eV would be exceedingly rare. The improba- 
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bility of a transfer of so large an amount of kinetic energy into elec- 
tronic excitation energy has already been sufficiently discussed. One 
may, therefore, have to assume, in this instance also, a more compli- 
cated mechanism. 

The same consideration applies even more convincingly to the 
appearance of lines with an excitation energy of 7.7 eV in the mercury 
sensitized fluorescence of zinc vapor at a temperature of only 720° C 
(for instance, the line 3302 A, Since this energy surplus 

can under no circumstances be supplied from the thermal energy, 
Winans assumed that mercury atoms are raised by stepwise excitation 
into a higher level — for instance, by secondary absorption of the line 
4358A into the state 7^5^ with an energy of 7.69 eV. This process was 
possible in Winans’ experiments because the full radiation of a mer- 
cury arc was used for excitation. The same is true for all observations 
mentioned in this section. By inserting a filter which transmitted only 
the mercury line 2537A into the path of the exciting radiation, the 
zinc lines requiring a high onergy were suppressed in the fluorescence 
spectrum. However, it is certain that', at least in part, the observed 
emission lines were not caused by any kind of absorption in mercury 
atoms; for, in contradistinction to Cario’s original experiment with 
thallium vapor, some of the zinc lines were excited also by light of a 
hot mercur}^ lamp which could not stimulate resonance radiation in 
pure mercury vapor, while another part ot th^ zinc lines disappeared 
under, these conditions. Furthermore, it was possible to excite the 
zinc fluorescence (the lines of the triplet 5^Si-4®Po^ 2 ) irradiating 
the mixture of mercury and zinc vapor with light of wavelengths 
below 1900A produced by an aluminum spark. Although Winans 
ascribed the absorption of this radiation to mercury atoms, it was 
probably caused by molecules of some sort, either Hgg or Zug or HgZn. 
Actually, a band which belonged neither to pure Hg- nor to pure Zn- 
vapor was observed in the absorption and emission spectra of the 
mixed vapors. Winans’ experimental conditions were particularly 
favorable for the formation of molecules of this type because the zinc 
vapor pressure was very high (16 mm) ( 1845 - 1847 ). 

The investigation of the sensitized fluorescence of the other metals 
enumerated in the third paragraph of this section corroborated the 
foregoing conclusions, more or less, without providing further infor- 
mation of importance. 

Winans devised a simplified method for the excitation of sensitized 
fluorescence, especially of metals such as iron and chromium which 
have very low vapor pressures at moderate temperatures. The metal is 
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crushed to a fine powder and introduced into a quartz tube containing 
some mercury. The tube is evacuated and the part containing the 
powder is heated with a blowtorch to the highest temperature which 
the tube stands without collapsing. The mercury pressure is adjusted to 
values between 1 and 150 mm by keeping the coldest part of the tube 
at an adequate temperature. When the radiation from a water-cooled 
mercury arc was focused on the hottest part of the tube, the two 
resonance triplets of chromium (at 3600 and 4300A) and some thirty 
iron lines could be obtained in the sensitized fluorescence spectrum of 
these metaJs {1850,1854). 

Winans used the same method for the excitation of the vsensitized 
fluorescence of lead and tin, and here it could be shown that, although 
with lesser efficiency than the energy resonance, a “partial selection 
rule,” AJ — 0, is of importance for the transfer of energy; the proba- 
bility of transfer is greater if the sum of the electronic angular momenta 
of the two colliding atoms, Hg* and M [J — /(Hg) -f /(M)], remains 
constant and is smaller if J changes. If the excitation of lead atoms is 
mainly due to collisions with Hg (^7\))-atoms (e.g., if nitrogen is pre- 
sent in the tube) and thus the value of /(Hg) is zero before and after 
the collision, the lead line 3683A originating from the level is much 
stronger than the line 3639A originating from (Figure 10), while 
in the arc spectrum of lead the two lines have practically the same 
intensity. The energy difference between the two levels is so small that 
they are equivalent insofar as energy resonance is concerned. Similar 
considerations can be applied to a pair of lines in the sj^ectrum of tin, 
in which altogether thirteen lines have been obtained by the excitation 
of sensitized fluorescence {i84gj852j855). 

42. Influence of Foreign Gases and of Magnetic Fields. If, by 
addition of nitrogen, the excited mercury atoms are transferred to the 
metastable state G^Pq, the probability of collisions of the second kind 
is greatly increased. Donat has actually observed that in the sensitized 
fluorescence of thallium, the thallium lines w^ere considerably enhanced 
if nitrogen was added to the mixture of the metal vapors. According to 
Donat, the various thallium lines behave very differently under these 
conditions : some of them (2920, 2580, 3230, 3530A) reach an intensity 
maximum at 30 mm of Ng and fade out rather rapidly at higher 
nitrogen pressures; others (3551, 3776A) remain constant between 
30 mm and one atmosphere, while the intensity of the line 2788A, 
with a slower initial rise, continues to increase up to atmospheric 
pressure. However, these results were not confirmed by Loria, who 
states that all lines decline again with increasing nitrogen pressure 
Pringsheim 5** 
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after having reached a maximum intensity. Since no other observa- 
tions are available, a discussion of these discrepancies is not possible. A 
decrease of the fluorescence intensity at high nitrogen pressures is 
plausible in itself because of the quenching action of the gas on the 
fluorescence of thallium (Table 16). Both authors agree that argon 
produces similar effects, although considerably higher pressures are 
necessary. However, it is very likely that the action of argon was due 
to traces of nitrogen, since it has been shown repeatedly that a transfer 
of excited mercury atoms into the metastable state practically never 
occurs by collisions with argon (jio,g6oji82). 

The enhancement of the thallium lines by the addition of nitrogen 
is not only inhibited by the presence of the smallest traces of oxygen 
or hydrogen, but the light emission is completely quenched as soon as 
the probability of a collision of the metastabic atoms with the mole- 
cules of these strongly quenching gases becomes larger than the pro- 
bability of a collision with a thallium atom. The direct quenching 
action of oxygen (not of hydrogen) on the thallium fluorescence must 
also be taken into account {310). 

The great influence of the presence of nitrogen and of the resulting 
production of metastable mercury atoms for the sensitized fluorescence 
of sodium vapor has already been discussed (Section 41). If mercury 
vapor is irradiated at room temperature in the presence of 3.7 mm 
of nitrogen with the resonance line alone and, thus, under conditions 
which exclude stepwase excitation, the lines 3662, 3665, and 3650A 
are observed in the fluorescence spectrum. Beutler and Rabinowitch 
consider this phenomenon to be due to a kind of sensitized fluorescence 
between mercury and mercury atoms and designate it as “energy 
enhancement in an elementary process” (J05). The energy levels from 
which the lines mentioned above originate are 6^Z>i^2,3, and pos- 
sibly 8^So (compare Fig. 1 5) ; they have excitation energies of 8.81 , 9.13, 
and 9.20 eV, respectively. The last value corresponds almost exactly 
to the sum of the energies contained in two there- 

fore, be transferred with excellent energy resonance to one atom by a 
collision of two metastable atoms. The resonance would still be suffi- 
ciently good for the excitation of the state S^Sq (9.13 eV), the small 
surplus energy being converted into thermal agitation. The 6^D- 
states are probably produced by subsequent collisions of 85-atoms 
with nitrogen molecules which are able to take up the energy difference 
of 0.27 eV as vibrational energy. 

Beutler and Joseph! suppose that even the photoelectric ioni- 
zation of mercury vapor, which was discovered by Steubing and which 
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is produced by irradiating the vapor with the resonance line, may be 
due to another repetition of the same process. After being raised to 
the state S^Sq, an atom is assumed to take up the energy of a third 
metastable atom in a collision of the second kind. Although a quali- 
tative calculation proved that such processes might occur with suffi- 
cient abundance, it seems more likely, as has been discussed in detail 
by Houtermans, that, at least at higher vapor pressures, the formation 
of metastable excited Hgg-molecules and subsequently of Hgg-ions 
plays an important part in the process (205,705, 6jo, 7572). 

Mitchell investigated the sensitized fluorescence of cadmium at 
a mercury vapor pressure of 10“® mm and a cadmium vapor pressure 
of 0.5 mm, in the presence of 2 mm of helium ; the observation chamber 
was placed in a magnetic field of 300 gauss with its lines of force 
parallel to the exciting radiation (case II). Under these conditons, the 
mercury resonance line was still appreciably polarized, while the 
cadmium line 3261 A showed no sign of polarization. Mitchell draws the 
conclusion from his observation that the primarily existing orientation 
of the electric vector is completely destroyed in an energy transfer by 
a collision of the second kind. Although the conclusion may be correct 
in itself, this is not proved unambiguously by the experiment. The 
partial polarization of the mercury line might persist in spite of the 
relatively high pressures of helium and cadmium vapor, while the 
cadmium line is completely depolarized by the resonance interaction 
between excited and unexcited cadmium atoms (ioj8). 
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DIATOMIC GASES AND VAPORS 

A. Theory of Band Spectra and Interpretation of 
Resonance Spectra 

43, Energy Levels. The internal energy of a diatomic molecule is 
not completely determined by the configuration of its electrons; it 
depends also on the vibrations of the nuclei along the line connecting 
them and on the rotation of the molecule around its principal axis of 
inertia, which is perpendicular to this line. In a first approximation, the 
total energy is obtained by the addition of three terms corresponding 
to the electronic, the vibrational, and the rotational energ}^: 

TP = r -f G + F (32) 

To the same approximation, the wave function describing the energy 
state of a molecule can be split into three factors : 

(32a) 

and Wj. depend only on the configuration of the electrons, on 
the nuclear vibration, and on the rotation of the molecule, respectively. 

The vibrational energy* of a strictly harmonic oscillator is: 

G(v) - [V + V 2 )«> (33) 

where w is the characteristic frequency of the oscillator and v — 
0, 1, 2 ... is the “vibrational quantum number.” For an anharmonic 
oscillator, a term quadratic in v (and for a more accurate description 
also a cubic term) must be introduced into the equation, so that : 

G{v) = (y -f — ^!2)^XeiOe + [v + + • • • (34) 

Wg now being the frequency of the oscillator for vanishingly small 

♦ In this chapter all energies are given in cni~^, for the sake of simplicity ; 
in order to obtain the actual energies, all equations must be multiplied by hje 
(compare Section 1). Following the common practice the symbol v is used in- 
stead of V for the wave number (compare Section 6). 
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amplitudes [v — 0). Even in the “vibrationless state” the energy of 
the oscillator is not zero but assumes the value : 

G(0) = + . . . (35) 

The fraction of the molecular energy due to the rotation alone is : 

E(/) -7(/ + =J(J + 1).Z? (36) 

1 is the moment of inertia of the molecule with respect to its principal 
axis, and J is the rotational quantum number. f 

The moment of inertia / and, therefore, also B, depend on the 
distance between the nuclei; they vary with the amplitude of the 
vibration and are functions of v: 


Bv — Bg — a {v ^4) -f- • • • (37) 

a is the “coefficient of interaction” (between oscillation and rotation) 
The values and a are characteristic of a given electronic 

state of a molecule and vary with the transition from one state to 
another. 

The frequency of a line corresponding to the transition from a 
state T', v\ J' to a lower state T", v", is thus determined by the 
equation: 

^ _ (2- _ T") + {G' — G") + {F' — F") (38) 

= Vc + (V' + + V2)w^ 

+ (V" -f V2)^^>; + /'(/' + 1) [B, - + V 2 )] 

~y"(/"+ 1) [^;-~-a>^-fV2)] 

In practical spectroscopy it is more convenient to use integer coef- 
ficients instead of the (7; + V 2 ) values of the vibrational quantum 
numbers : 

V — Ve v'co v'H' CO v"(0 -j- v"^X ft) 

0 0 0 0 0 0 

+ JV' + 1) (B - a'v') -rw + 1) (< - ay) ■ (38a) 

The constants occurring in Equation (38a) are derived easily from the 
constants of Equation (38) — for instance (neglecting y) : 

ft)o = co^(l ■— Xc), A'oft)o = etc. (38b) 

Taking into account the selection rules which are explained in the 

* If the rotor is not rigid, so that the distance between the nuclei is 
increased by the centrifugal acceleration, a term P[J -f 1)^- B must be added. 
However, this term can be neglected for the following considerations. 

t Compare Section 45 on the general meaning of the quantum number /• 
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following sections, Equations (38) and (38a), respectively, describe the 
complete hand spectrum of a diatomic molecule. The first term on the 
right-hand side of these equations corresponds, itself, to a line in 
the visible or ultraviolet region and contributes by far the largest part 
of the total energy (v^. ~ 20,000 cm~^). If a single electronic transition 
is considered, is kept constant and its value determines the approxi- 
mate position of a “band system” in the spectrum. In the second 
term, which corresponds to a variation of the vibrational energy, the 
frequencies oj' and oj" are, in general, of the same order of magnitude 
(in most cases between 100 and 1,000 cm“^). (In the spectra of Hg, No, 
(>2 and some other gases and vapors, the values of oj are considerably 
larger). 

Infrared vibrational bands correspond to transitions from one 
7’-level to another, if they occur without a simultaneous electronic 
transition. 

If the rotational energy is disregarded [E ™ 0 in Eq. (32)1, the 
energy levels of three eh'ctronic states are represented by the diagram 
of Figure 54. The intervals AG between the individual sublevels of a 
given electronic state are constant, to a first approximation, but they 
decrease slowly from the bottom towards the top because the binding 
force between the nuclei is not strictly linear. Therefore, AG - - oj must 
be replaced by : 

'AG{7f 4 - 1 / 2 ) := G{v - 1 - 1 ) — G{v) ( 39 ) 

-- — 2(u -{- 

— OJq 2{v ^/ 2 )'^ 0^0 

For high values of 7' which, however, cannot be extrapolated from 
Equation (38) without taking tlie cubic term and, possibly, even 
higher-order terms into account, AG converges towards zero; the 
vibrational levels converge towards an upper limit where they merge 
into a continuum corresponding to a complete separation of the two 
nuclei. The atoms or ions into which the molecule splits can acquire 
kinetic energies which are no longer quantized. 

If all excited molecules of a vapor are in one definite vibrational 
level v' of an electronic state T', they can return from there to all 
existing levels v" of the ground state and thus produce an emission 
spectrum in which the lines corresponding to z'" = 0, 1, 2 . . . form 
a regular “progression.” The intervals between neighboring lines in the 
progression decrease according to Equation (39). Without a simul- 
taneous electron jump, the vibrational number z; of a harmonic 
oscillator can vary only by i 1 ; values of Ar^ larger than one can 
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occur only to the extent to which the binding force of the oscillator is 
anharmonic ; the probability of such transitions decreases rapidly with 
increasing Jv, if the anharmonicity of the oscillator is small (x 1), 
a condition which holds for practically all diatomic molecules. Lenz 
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Fig. 54, Energy-level diagram two band systems of a 
diatomic molecule. 


has shown, however, that if an electronic transition (or, in the corre- 
sponding classical model, an electronic vibration) is superimposed on 
the nuclear vibrations, the twd processes will influence each other even 
according to classical electrodynamics. Under quite plausible assump- 
tions regarding this interaction, overtones of high order or transitions 
with large Av may be expected to occur in the nuclear vibrations, 
although the binding force between the nuclei may be strictly linear. 
Under these conditions, the intensities of neighboring lines of the 
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progression can vary in a very irregular fashion, as has been actually 
observed. The quantum-mechanical interpretation of this phenomenon 
is discussed in Sections 47 and 48 (8Q8,8gg ) . 

44. Rotational Doublets and the Complete Resonance Spectrum. 
The last term on the right-hand side of Equation (38) is due to 
molecular rotation. Thereby, every line corresponding to a transition 
v' -> v" splits into a multitude of lines forming a “band.” The scheme 
of Figure 54 does not take the molecular rotation into account ; the 
energy levels are drawn for 7 = 0. If all levels caused by the variation 
of J were included in the diagram, a series of levels would be inserted 
above every horizontal line of the figure. The distances between these 
levels would steadily increase according to the following relation, 
which is derived from Equation (36) : 

^F{/ + V 2 ) - F(/ -f 1) - F{J) == 2{J + 1)B (40) 

The higher members of tliese series would stretch beyond the following 
vibrational levels, so that the ground would be covered almost con- 



— p — >P 

► DIRECTION OF INCREASING FREQUENCIES 

Fig. 55. Fortrat diagram for a band system with 
P-, Q-, and i?-branches. 

tinuously and the diagram would be completely blurred. It is better, 
therefore, to represent the subdivision of the energy levels caused by 
the molecular rotation by a different scheme, reproduced in Figure 55 
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— so-called Fortrat parabolas. The scheme is not quite as simple and 
obvious as that of Figure 54, but it has the advantage of showing 
only the allowed transitions, which occur by varying J and it makes 
possible a direct visualization of the relative position of the corre- 
sfxinding lines in the band. 

The rotational quantum number follows the selection rule AJ = 
0 or ± 1 strictly, so that always ~ J' or J" ~ 7' ± 1. Thus, the 
last term in Equation (38) can assume the three following forms: 

a: J" =- /' - 1; P{J") - -F /' (B\, + FJ (41) 

== J'^(B-Bl) + J'(b[,-~bI)--BI + ( 27 '+ !)£?: 
b: 7" == J': Q(J") = J'HB~Bl) +J'{B-BI) 

+ l : R(J") = J'^B-Bl) J'{B~^bI)-2BI 

= J'^(b~b[) -\-J'(B~bI)~-BI-^{2J'-V i)bI 

Each band is divided into three branches (P, (>, R), represented by 
parabolas in the diagram of Figure 55.* In all bands in which fluo- 
rescence spectra have been observed so far, A J is either equal to 0 or 
to db 1 ; therefore, either only one lotational line corresponds to a 
transition from a given excited state T\ v', J' to a vibrational level of 
the ground state T'\ v'\ J" with J" — J\ot two rotational lines of the 
band appear, corresponding to J'' — J' 4- 1 and J" = 1 and 

forming a doublet. The separation between the components of the 
doublet is: 

(5v (47' 4- 2)BI ^ (47' 4- 2) {B[-ay) (42) 

Within a series corresponding to transitions from the same excited 
state ?/, J' to all vibrational levels ?/' == 0, 1, 2 . . . of the ground 
state, the doublet separation is approximately constant and decreases 
only vslowly with increasing v" because of %<€, 1. For various initial 
rotational states J\ however, the values of Sv vapy^ considerably; to 
a first approximation, they are proportional with 4/'. 

If the initial state P', v\ J' remains constant while the final state 
of an emission process assumes all possible values ?/', the terms of 
Equation (38a), which remain unaltered under these conditions, can 
be summed up into : 

* According to whether Bq is larger or smaller than Bq, the parabolas 
follow the direction of increasing or decreasing v with increasing values of J' ; in 

Figure 55 the latter assumption (Bq < J5o]) has been made, since this is the case 
for almost all the examples occurring in this book. 
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V* == 4- + /'(/' + + O.V') (43a) 

V* is the frequency of the line which would correspond to a transition 
to the final state v'" — 0, disregarding the rotational energy. Intro- 
ducing this frequency v*, a complete doublet progression is repre- 
sented by the equation : 

r V* + v^col -f i 1) (/' -f 1 ± (43b) 

If strictly monochromatic light is absorbed in a vapor consisting 
of diatomic molecules, its frequency must coincide with that of an 
individual line of the band spectrum described by PZquation (38a). 
Only molecules which are in a definite initial state T", v", can take 
part in the absorption process and these are all transferred into the 
same excited state T\ v\ In the absence of perturbations by 
collisions, etc,, this state becomes the initial level from which the 
emission of a singlet or doublet series originates according to the 
mechanism described above. These ‘‘resonance series” have a very 
simple structure as compared to a complete band system; thus, the 
analysis of the band system is materially facilitated if some resonance 
series can be isolated. If, for instance, the values of v" and J" can be 
determined in a special case, the doublet interval in the scries giv(‘s 
directly the molecular constants and a^, and, simultaneously, the 
moment of inertia /q. 

In practically all resonance spectra of diatomic molecules which 
have been observed vSO far, the molecule returns by the emission pro- 
cess to the electronic ground state. Under these conditions, the exciting 
line is also a line of the fluorescence spectrum. However, it is the first 
member of the progression only if v" = 0, or if the absorbing molecule 
contains no vibrational energy; otherwise, the emission spectrum 
exhibits a number of “anti-Stokes” lines with wavelengths smaller 
than that of the exciting line. 

Line progressions of this type were discovered by R. W. Wood in 
the fluorescence spectra of sodium and iodine vapor and were called 
by him “resonance spectra,” It seemed obvious that a preferential 
position in the series should be ascribed to the exciting line, which was 
designated as the R-line (resonance line) and characterized by the 
order number 0. The other lines were numbered with reference to the 
R-line so that the order of the anti-Stokes lines became negative : 

♦ Terms and quantum numbers representing the state of a molecule 
previous to the exciting absorption process are designated by a bar above the 
symbol in the following chapters. 
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V — — pa p^h 

(p ~ 0, zb 2, i 3 ... is the ^^order number") (44) 

If a series is described correctly by Equation (43), it can also be re- 
presented by Equation (44) ; the constants occurring in (44) can be 
derived from those in (43) by simple transformations. However, the 
notation of Equation (43) has the advantage that cuq is a genuine 
molecular constant and retains the same value for every progression 
of the band system, while the constant a in Equation (44) is different 
for every series. The interval between the R-line and the line which 
follows in the direction of greater wavelengths (/> “ b 1) is determi- 
ned by the relation: 

4 -^/ 2 ) = — 2{Vf> -f (45) 

and since b —■ it follows that a — — (27’^!^, + \)x\ix)\. 

7'he relati\Ti position of the doublet components in a resonance 
spectrum is essentially determined by the fact that the exciting ab- 
sorption line belongs either to the P- or to the P-branch of the band - 
i.e., that in the absorption process the rotational quantum number /" 
increases to j" -f 1 or decreases to /" — 1. In the first case, the com- 
panion line of the resonance line, corresponds to the transition {]" 4 - 1) 
-> (/'' -I 2) and appears on the long-wavelength side of the P-line; 
in the other case, the companion line corresponds to the tnmsition 
(/" — 1) -> (/" — 2) and appears on the side of smaller w’avelengths. 
In other words; if the exciting line belongs to a P-branch, the com- 
panion line lies on the P-branch, and vice versa. This is repeated in all 
other doublets of the resonance spectrum. 

If the exciting line is broad enough to cover several absorption 
lines with various y"s and belonging partly to P- and partly to P- 
branches, the fluorescence spectrum consists no longer of doublets, 
but of complicated groups of lines which surround the central line more 
or less asymmetrically. 

If a further electronic level B exists above the excited state A, 
and if spontaneous transitions from B to the ground state N are 
allowed, resonance spectra of the same kind as in the band system 
A-N can be stimulated in the system B -N. They will be shifted 
towards shorter wavelengths, according to the greater energy dif- 
ference B-N ; but the spacing AG(z^ 4- V 2 ) within the series is the same 
as in the system since it is determined by the constants charac- 
terizing the ground state, which is common for both systems. The 
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occurrence of fluorescence spectra of diatomic molecules caused by 
stepwise transitions from a higher electronic state A ~>N) 

has not been proved with any certainly. 

45, Electronic Terms, The electronic terms of diatomic mole- 
cules are discussed here only insofar as necessary to understand the 
designations which are used for the description of actually observed 
fluorescence spectra. For more details, reference should be made to 
books dealing exclusively with this subject.* 

The electronic quantum numbers I and s, or L and S, respectively, 
retain the same meaning as in Section 12. From these the new quantum 
numbers A and E are derived by projecting L and S upon the prin- 
cipal axis of the molecule. The molecular states E,n A .. . are deter- 
rninedf by the quantum number ~ 0 , 1, 2 . . . In the so-called 
“coupling case which alone may be discussed here as one of the 
most important instances, A and E combine vectorially to a new 
quantum number Q so that : 

I d — r I < < I j -f i: i 

Q plays the same part as the inner quantum number in atomic spec- 
tra. In Sect. 43, J was characterized as the rotational quantum number 
of the molecule. Actually, J measures the total angular momentum of 
the molecule, which is determined by the superposition of the rota- 
tion of the nuclei around the principal axis of inertia, the orbital 
angular momentum of the electrons, and the spin of the electrons 
(and, in certain cases, of the nuclei). Thus, J is equivalent to the 
angular momentum M produced by the rotation of the molecule 
around the axis of inertia only for ^Z^-states. In all other cases, J 
differs from zero even in the absence of molecular rotation [M ~ 0), 
dnd the lowest value which can be assigned to J is V 2 ^ 
etc., according to the nature of the electronic state and the values of 
L and S. 

In the “coupling ca.se A and M combine by vectorial addition 
to a new quantum number K, and / is obtained by vectorial addition 
of K and the electronic spin S. These altered definitions of J do not 
alter the representation of the resonance spectra given in the preceding 
sections. 

* Jevon.s, Report on Band Spectra of Diatomic Molecules, London, 1932; 
W. Weizel, Bandenspektren: (1), Erganzungsband des Handhuchs der Experimen- 
ialphysik, Akademische Verlagsgesellschaft, Leipzig, 1934; G. Herzberg, Molecu- 
lar Spectra and Molecular Structure, Prentice Hall, New York, 1939. 

t Like S in the description of atomic spectra, E is used here in two different 
meanings : as a quantum number and as a term symbol. 
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The most important selection rules for transitions between elec- 
tronic states are : 

JA — 0 or ± 1 ; /JZ — 0; AO = 0 or i 1 i ~ 0 or i 1 

The multiplicity r of an electronic state, which is determined by the 
relation r ~ 2S -f 1, can, therefore, change in an electronic transition 
hy 0 or d:: 2. Allowed transitions arc, for instance: 

12: ir; ly/i •'/Jo; ^270 -> 3271 : '/fi etc. 

and forbidden transitions: 

•V/o '7/3: ^0 etc. 

Other selection rules, particularly for element molecules con- 
sisting of two atoms of the same kind, follow from the fact that certain 
symmetry properties of the molecules must be preserved. 

1 . A state may be positive ( + ) or negative (— ). (See footnote at 
the end of 5). 

2. A state of an element molecule (which may consist of two 
isotopes of different mass) is called even (g), if the total angular 
momentum of its electrons is even: L — 0, 2, 4 . . . ; it is called odd 
(u) for odd values of L (L = 1, 3, 5 . . .)• If necCsSsary, g and « are 
added as subscripts to the term symbols : 

etc. 

3. A state of a homonuclear molecule is symmetrical (.s) or 
antisymmetrical (a), A symmetrical state is always either positive 
and even ( + and g) or negative and odd ( — and u) ; an antisym- 
metrical state is always negative and even ( — and g) or positive and 
odd ( f and u). These relations and the corresponding selection rules 
are collected in Table 22. 


Table 22 

Allowed and Forbidden Transitions 


s 

a 

Allowed 

Forliidden 

4- and g 

4- and u 

5 5 

S a 

— r and u 

— and g 

a a 1 

4- -> -f 



+ ±5: — 

^ — 




g 


j 


u u 
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4. If a Z'^state (A — 0) is produced by the action of two or more 

electrons with individual A > 0 (e.g., == + 1, Ag == — 1 or A^ = + 1, 

Ag = 1, A3 ^ — 2, etc.), the two sublevels and 2*“ have opposite 

symmetry properties and are, in genera], separated by a rather large 
energy difference. In all other electronic states of a homonuclear mole- 
cule (77, A, etc.), each rotational level is split into two sublevels rand 
d which coincide energetically for J = 0 and become gradually wider 
apart as J increavses. c and d have opposite symmetry. This '‘/1-type 
doubling” is caused by the magnetic field which is produced by the 
rotation of the molecule ; according to whether A is parallel or anti- 
parallel to the lines of force of this field, the energy of the term is 
slightly different. 

5. The rotational levels of a given electronic state are alternately 
t- and — and, in a homonuclear molecule, alternately 5 and a\ if, 

for instance, in a /7-state c is positive and, therefore, d negative for 
a given value of J , the reverse is true for / + 1 , where c is negative and 
d is positive.* 

It follows from 1 , 2, and 3 that two states which combine with a 
third state cannot combine with each other. However, this rule applies 
strictly only to homonuclear molecules. In molecules of this type, 
consecutive rotational levels which are alternately symmetrical and 
antisymmetrical have unequal statistical weights. Hence, the con- 
secutive lines of a band have alternating intensities. 

The diatomic molecules of even elements (without nuclear spin ; 
sompare Section 1 2) have only symmetrical terms ; every second term 
with an odd value of K or /, respectively, is missing. For odd elements, 
the nuclear spin i is always different from zero, and the ( — , g) or the 
{+, u) terms (“ortho terms”) have a larger statistical weight than the 
( -f , g) and the ( — , u) terms (“para terms”). 

For 2 -> 2 transitions, the ^-branches are missing in all bands, 
AJ = 0 being forbidden for A = 0; the resonance series consist of 
doublets exclusively (example: the green resonance spectra of Ig). 
In bands corresponding to transitions 2 77, (/-branches are not only 

* The meaning of these symmetry relations can be explained only in terms 
of quantum mechanics. An elect rone state is -j- if the wave function corre- 
sponding to the motion of the electrons with regard to the nuclei does not change 
its sign on reflection in a plane through the axis of the molecule. A state is g 
(from the German gerade) if the electronic factor of W [Wg in Equation (32a)] 
does not change its sign on reflection in the midpoint of the line joining the two 
nuclei. A state is symmetrical if on interchanging the two nuclei Wg does not 
change its sign. — , u, and a are determined by a change of sign in Wg under the 
conditions mentioned above. 
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present, but their intensity is even greater than that of the P- and 
/^-branches. It follows from 4 and 5 that if in this case 2* has the same 
symmetry as //(c) for a given value of / = and, therefore, a sym- 
metry different from that of 11 [d), transitions from E to 11 can lead 
only to c if J/ = 0, while for -dj = ± 1 they must lead to d (Figure 
56). Thus, either a singlet or a doublet progression, but never a triplet 
series, is produced by absorption of monochromatic light (example : 
the green to orange Nag resonance spectra). 



The band spectra due to transitions between other electronic 
terms like 11 -> 11, /7->zl show(2-branchesas wellas P~ and /^-branches, 
although the intensity of the former is relatively low ; they are of little 
importance for the fluorescence spectra of the diatomic gases which 
have been investigated so far. 

46. Shape of the Potential Curves. The term diagram of Figure 54 
gives an accurate picture of the lines occurring in a resonance spectrum 
which results from the transition from a level T'v' to the various 
levels of the electronic ground state. The scheme, however, does 
not give any indications concerning the relative intensities of the 
individual lines. These can be obtained by using potential curves in- 
stead of the level schemes for the representation of the electronic states 
and by applying the so-called Franck-Condon principle. 

In Figure 57 the abscissa measures again the distance r between 
two atomic nuclei, and the ordinate the sum // — / 4- F of the 
electronic excitation energy and of the potential energy of the nuclear 
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configuration, while the molecular rotation is neglected. If the nuclei 
arc at infinite distance from each other V is zero and^ as in Figure 36, 
49 and 50, the vertical distance between the curves N and A is equal 
to the electronic energy of one of the atoms in an excited state. If (in 
contradistinction to the assumption on which the curves of Figures 



Fig. 57. Potential curves for the fluorescence of a diatomic 
molecule. 


36 and 50 were based) an attractive force exists between the two 
atomic nuclei so that a stable molecule can be formed, U assumes 
negative values if the two unexcited atoms approach each other 
adiabatically. At very small distances between the two nuclei the 
repulsive force prevails, causing a steep rise of the curve. The minimum 
of U corresponds to the equilibrium of the nonvibrating molecule at 
the nuclear distance The vertical distance between this point and 
the horizontal branch of the curve at great values of r corresponds to 
the work which must be applied to separate the nonvibrating molecule 
into two single atoms, or to the heat of dissociation D, For the sake of 
simplicity, the zero axis of energy is shifted in Figure 57 so that all 
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energies which occur (especially the energy of the nonvibrating un- 
excited molecule) assume positive values. 

The function representing the potential energy of diatomic mole- 
cules in its relation to the interatomic distance has not yet been worked 
out in a generally valid form which can be numerically evaluated. 
The best approximation is probably still obtained by Morse’s semi- 
empirical equation : 

U(r) = E^in + D(1 (46a) 

in which 

a=2««>^ j/^ 

and Q = r — the deviation from the equilibrium position. If, in 
Equation (34), the coefficient wx is very small, the oscillating molecule 
can be treated, in first approximation, as a classical harmonic oscillator, 
as long as the amplitudes are not too large, and its potential energy can 
be represented by the equation : 

U {f) — Emin “h (46b) 

Under these conditions, the potential curve becomes a symmetrical 
hyperbola. 

Since the vibrational energy of the molecule is quantized and 
since the energy is completely potential at the turning points of the 
oscillation, U can assume at these points only definite values which 
are determined by Equation (34) and which are indicated in Figure 57 
by dotted horizontal lines. For a given valueof the vibrational quantum 
number v, U oscillates according to the potential curve between the 
near and the far turning point. For p = 0, the vibrational energy of the 
molecule does not vanish, but it becomes [Equation 

(35) ] ; even the so-called nonoscillating state of the molecule does not 
correspond exactly to the lowest point on the potential curve, but^to 
the undermost horizontal line in the diagram. 

47. Franck-Condon (F.C.) Principle. If Franck’s idea, according to 
which the position and the momentum of the nuclei cannot change 
appreciably during an electronic transition (cf . Section 35) , is applied 
to the processes occurring in a diatomic molecule, only those tran- 
sitions between the potential curves A and N have a reasonable pro- 
bability which correspond to vertical arrows in the diagram. In the 
case represented by Figure 57, for instance, tiansitions from the 
ground state with v'* ^ 0 can lead only to vibrational levels of the 
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excited state A between v' = 0 and v' = [a^ and c in Figure 57). 

The molecules stay longest in the neighborhood of the turning points 
and, therefore, those transitions which are indicated by the arrows 
and have the greatest probability in the process of re-emission. 

These considerations, based by Franck on plausible assump- 
tions, later received a precise quantum-mechanical treatment by 
Condon and since then have been known as the PTanck-Condon prin- 
ciple. The transition probability between the vibrational levels v' 
and v“ of two electronic states T' and T’* is defined, within the approxi- 
mation of Equation (32a), by: 


r oo 

c < f dr 


ip'(v') and are the eigenfunctions characterizing the vibrational 

states v' and v" of the electronic states T' and T'", respectively. C is a 

constant which contains the probability 
of the electronic transition T' -> T'", 
— supposed to be independent of t/ and 
I . In F'igure 58 the first eigenfunctions 

1 — X — I i'* * of a harmonic oscillator are reproduced 

for 7^ = 0, 1 , 2 . . ; in general, the eigen- 
functions have a number of nodes and 
\ I / 1 \r ^2 antinodes and the probability of a 

\2/ certain transition, as defined by the 

/X integral of Equation (47), depends to a 

X \ ^ great extent on the relative position of 

the nodes and antinodes of tlie two 
\ » ' /■ functions ijj' and il/". For greater values 

-2 \H/ 0 \iy 2 number and height of anti- 

Fig. 58. Eigenfunctions ot the turning points increase ; 

five lowest vibrational states this is the reason why the first for- 
of a harmonic oscillator. mulation of PTanck’s principle yielded 

useful results. For values of v near 
zero, however, the deviations become considerable. 

In principle, the eigenfunctions can be derived for each case from 
the potential curves, but the calculation — at least as far as the 
analysis of resonance spectra is concerned — has been carried through 
only for a very few examples. Even there, the problem was greatly 
simplified by the assumption that the oscillations could be considered 
as purely harmonic in both electronic states (Sections 53 and 60). The 
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application of the same method to the analysis of the resonance spectra 
of iodine lead to entirely erroneous results, probably because one or 
several erroneous assumptions were introduced into the calculation 
{ 24 ,iy^jo 26 ). 

For obtaining at least qualitative results, it is thus necessary to 
use the F.C. principle in its original formulation. It is easily realized 
that the jtype of the absorption spectrum, as well as the possibility 
of exciting fluorescence, depends not only on the shape but also on 
the relative position of the two potential curves, which represent 
the 2 combining electronic states. Also, the unexcited molecules are, 
at^not too high temperatures, in low vibrational states {v" 0 or 

v" === 1) and, on the other hand, a transition to a point higher than 
the level of dissociation of an electronic state leads to dissociation of the 
molecule. Since the kinetic energy of the separating atoms (corres- 
ponding to the surplus energy 8 in the figure) is no longer quantized, 
all points on the potential curve above D' are virtual turning points 
and, therefore, absorption or emission processes leading to such points 
do not produce separate lines but continuous bands. If transitions from 
the lowest vibrational level of N into discrete levels of A are most prob- 
able on the basis of these considerations, the major part of the ab- 
sportion spectrum will show bands with fine structure, and, in the 
absence of perturbations, the return from the excited state A to the 
ground state N will occur with the emission of fluorescence. Examples 
of this behavior are provided by the first absorption band systems of Ig 
and Nag. If the values of /q and are nearly equal and if the two 
potential curves between which the transitions take place have nearly 
the same shape, transitions with Av = 0 are the most frequent. In the 
limiting case, the resonance spectrum would consist of only one strong 
line, possibly accompanied by a few others 
of rapidly decreasing intensities, and 
fluorescence would be excited practically 
only by the absorption of lines fulfilling 
the condition J?; = 0. If, on the other hand, ^ 

/q and differ widely, the resonance 
spectrum produced by the absorption of 
a line has two maxima of intensit 3 ^ 
corresponding to transitions from the 
near and from the far turning points of 

the excited state. The second of these Potential curv^es 

, 1 , . of a molecule with a con- 

transitions can correspond to the conti- tinuous band prevailing in 

nuous part of the emi.ssion spectrum. If, the absorption spectrum. 
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finally, transitions by which the molecule is transferred into the 
region of continuous energy of the state A have the greatest probabi- 
lity (Figure 59), or if ow/y such transitions can occur, the part of the 
absorption spectrum showing fine structure is weak or completely 
missing and irradiation witht monochromatic light produces no 
fluorescence because every absorption process leads to the dissociation 
of the absorbing molecule. 

If transitions from an excited quantized state bring the mole- 
cule, according to the F.C. principle, to the pait of a potential curve 
corresponding to a non-quantized state, the emission spectrum does 
not consist of separate lines but of a continuous band. Such emission 
bands must occur if the second state is characterized by a repulsion 
curve ; they occur, also, if the transition leads to a point of an attraction 
curve lying either, for r < above the dissociation energy level or, 
for r > on the almost horizontal branch which corresponds to a 
complete separation of the nuclei. If (as, for instance, in the last case) 
the potential curve of the nonquantized state has a very small slope, 
the continuous band can exhibit a sequence of maxima and minima, 
so-called “fluctuations.” The spacing of these maxima is of the order 
of magnitude oi AG [v') or of a>', because the energy of the lower elec- 
tronic state is practically independent of the intranuclear distance, while 
the vibrational levels of the upper electronic state arcseparatedb^Tn- 
tervals idG(7/) . However, the spacing of the fluctuations may decrease in 
the direction of longer or shorter wavelengths according to the slope of 
the lower potential curve: “pseudoconvergence” of the fluctuations. 

Analogous conditions can cause the inverse effect, the occurrence 
of fluctuation bands in the absorption spectrum, if a transition leads 
from a quantized electronic ground state to a nearly horizontal branch 
of the potential curve representing a nonquantized excited state. By 
absorption of light in such fluctuation bands, fluorescence cannot be 
excited, exactly as no fluorescence is excited by absorption in normal 
continuous bands. 

Apart from the transition probabilities, the intensity of an emission 
line depends, of course, on the number of molecules which are in the 
state from which the line originates. The initial state is the same for 
all lines of a resonance spectrum excited by the same strictly mono- 
chromatic line; therefore, their relative intensities are independent 
of the number of excited molecules. This is no longer true if the ab- 
sorbing molecules are raised to different levels of rotation and oscil- 
lation by irradiation with a primary line which is broad enough to 
cover several neighboring lines of an absorption band. 
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B. Fluorescence of the Halogen Vapors 

48. The Visible Band System of I 2 . The fluorescence spectrum of 
iodine vapor is treated here, without regard to any systematic order, 
as a first example because it was the first which has been investigated 
thoroughly, and because it provides the possibility of discussing almost 
every theoretical consideration mentioned in the last sections. 

In the visible part of the spectrum iodine vapor, saturated at 
room temperature, shows an absorption band system which consists of 
numerous bands partially overlapping each other. By means of a 
powerful grating, these bands are resolved into a very largo number 
of fine lines so that, for example, 100 individual lines can be counted 
in the interval between the twoD-lines. Until recently, the band system 
which stretches from about 5000 to 7000 A was ascribed to a transition 
On the basis of theoretical considerations, Mulliken as- 
certained that the upper state is a ^//(j-state which is split into two 
levels by “yl -doubling ” ; these two levels behave almost like in- 
dependent ^Z'-states and only one of them (designated by Mulliken as 
^,1 combines with the ground state. Thus, practically all conclusions 
arrived at from the older assumption are preserved as correct (X092). 

Lommel was the first to observe that when iodine vapor was 
irradiated with sunlight, it emitted a strong greenish-yellow fluo- 
rescence which, viewed through a spectroscope, looked like the reversal 
of the absorption spectrum. The fine structure of these fluorescence 
bands and the occurrence of resonance spectra under monochromatic 
excitation were later discovered by R. W. Wood {^4^,1862). 

The resonance spectrum which is produced by irradiating iodine 
vapor with the green mercur}^ line 5461 A has been investigated in 
every detail {y6o, 820, 100^ jjjya, 18^0,1875, iSyy, 188 j). If this line 
originates from a hot mercury arc, it covers at least nine iodine ab- 
sorption lines. However, if the mercury arc lamp is water cooled, the 
green line becomes sufficiently sharp to coincide with a single iodine 
line and, thus, to excite only molecules of one definite initial state. A 
part of the resonance spectrum obtained under these conditions by 
Wood and Kimura is reproduced in Figure 60 and 61 . Photograms 
obtained by means of an interferometer of high resolving power 
prove that the doublet components of this spectrum arc devoid of any 
further structure (1907). 

Wood derived empirically the law governing the spacing of the 
lines in the spectrum; later it was worked out in detail on the basis of 
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A 

Fig. ()0. Resonance spectrum of Ig, order 1-3. 
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Hg. Hg. Hg. 

Fig. 61. Resonance spectrum of lo, order 15-22. 



the theory which had been developed in the meantime. According to 
Rank, who improved the precision of the measurements and whose 
figures are listed in Table 23, the progression of the main lines of the 
doublets is represented with high accuracy by the formula : 

V = 18307.50 -- 213.7977t/" + 0.614045e"2 -f 0.000931 -I- 

0.00001 (48a) 

The doublet separation is given by : 

Sr = 5.168— 0.194?'" (48b) 

and the molecular constants for the iodine molecule derived from 
Equation (48a) are : co^ ~ 214.57; — 0.6127; == 0.000895; 

= 0.0000187; B', =- 0.00375; a = 0.000191. 

The resonance spectrum has been extended by Oldenberg, Loomis, 
and Rank as far as to the 39th member at 9097A by means of infrared 
sensitized plates { 953 J 165 , 13370 ). It does not contain any “anti- 
Stokes” lines (with wavelengths shorter than that of the exciting 
line). Hence, the exciting line is absorbed by molecules in the lowest 
vibrational state = 0). The vibrational quantum number of thp 
excited state is v' = 26 as Kemble and Witmer, and Loomis, proved 
by a very thorough analysis of the complete absorption and fluo- 
rescence spectrum. Accordingly, the R-line is produced by the tran- 
sition v' v" = 26' -> 0", and the following lines by 26' -> 1", 26' -> 2", 
etc. For the doublets with order numbers beyond 27, the vibrational 
energy increases in the emission process (26' -> 27", 26' -v 28", etc.*) 
(760,950). 

* The symbols 26", 27', etc., are u.sed for v" — 26,?;' ™ 27. etc.). 
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Table 23 

Resonance Spectrum of Iodine Vapor Excited by the Green 
Mercury Line 5460*724A 


(W'avelengths A in A in atmospheric air; wave numbers v in cm“^ reduced 

to vacuum) 


v" 

A 

V 

v" 


V 

v" 

A 


0 

5459.2 

18312.68 

13 

6394.4 

15634.49 

26 

m 

issing 


5400,7 

18307.50 


6396.4 

15629.58 





5525.1 

18094.30 

14 

m 

issing 

27 

7683.7 

13011.0 


5526.6 

18089.17 





7686.6 

13006.0 

2 

m 

issing 

15 

6558.8 

15242.6 

28 

m 

issing 





6560.9 

15237.7 




3 

5657.2 

17671.66 

16 

6643.2 

15048.9 

29 

7896.8 

12659.9 


5658.9 

17666.54 


6645.2 

15044.3 


7899.4 

12655.7 

4 

5725.1 

17462.20 

17 

6729.3 

14856.4 

30 

800G.4 

12486.5 


5726.7 

17457.09 


6731.4 

14851.6 


8009.5 

12481.7 

5 

5794.2 

17253.9 

18 

6816.8 

14665.7 

31’ 

m 

issing 


5795.9 

17248.8 


6819.0 

14660.8 




6 

5864.5 

17047.03 

19 

> 

? 

32 

8231.9 

12144.6 


5866.2 

17041.98 





8234.9 

12140.3 

7 

m] 

Lssing 

20 

6997.1 

14287.8 

33 

m 

issing 





6999.4 

14282.8 




8 

6009.1 

16636.95 

21 

i 

m 

issing 

34 

8465.4 

11809,5 


6010.9 

16631.95 





8468.6 

11805.1 

9 

m: 

issing 

22 

7184.3 

13915.5 

35 

8585.6 

11644.2 


j 



7188.7 

13910.7 


8588.7 1 

11640.0 

10 

6159.0 

16232.03 

23 

7280.4 

13731.8 

36 

8707.4 

11481.4 


6160.9 ] 

16227.05 


7282.9 

13727.0 


8710.3 

11476.9 

11 

6236.0 

16031.55 

24 

m: 

issing 

37 

8831.8 

11319.6 


6237.9 

16026.59 





8835.1 

11315.4 

12 

m 

issing 

25 

7478.4 

13368.2 

38 

m] 

issing 





7480.9 

13363.8 



1 







39 

9087.3 

11001.4 








9090.6 

10997.4 


Pringsheim 6 
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The intensity distribution of the observed lines is not only very 
irregular, but some lines, for instance the members 2, 7, 9 in Table 23, 
seem to be missing altogether. The theoretical explanation of this 
phenomenon, which occurs more or less pronouncedly in all resonance 
spectra, has already been given in the preceding section. For a reason 
which is not obvious, the intensity maximum of most resonance 
spectra lies near the /Mine or in this line itself. It is probably due to 
a tendency to investigate the most brilliant fluorescence spectra. These 
are excited by the absorption of lines which are strong in the absorption 
spectrum and thus correspond to a great transition probability. 
The transition probability and the intensity of the 

T^dine in the resonance spectrum are, therefore, also great. 

If the fluorescence of iodine vapor is excited by the green line 
from a hot mercury arc, the other absorption lines covered by the 
mercury line contribute to the excitation, and molecules in different 
levels of the ground state are raised into different vibrational and 
rotational levels of the excited vState. From every one of these a com- 
plete series of doublets originates. For most of the series observed by 
Wood, it lias been possible to determine the location of the jR-line in 
the Fortrat diagram characterizing the bands. Three more series 
correspond to the transition 26'^ 0" in the absorption process, but 
with different rotational quantum numbers so that two of the four 
i^-lines belong to the P-branch and two to the P-branch of the Fortrat 
parabola 26 '-0". The differences between the /-values of these lines 
are not large (compare Table 24 and Figure 62) and the separations 
of the corresponding doublet components are nearly the same, ac- 
cording to Equation (42). For the first two doublets, the companion 
lines lie on the side of greater wavelengths; for the other two, on the 
short wavelength side of the main line ( 93 o,g^i,i 8 y 5 ,i 8 yy,j 88 j), 

Among the other Ig-absorption lines covered by the broadened 
green mercury line, five correspond to transitions from the ‘‘vi- 
brationless'’ ground state to higher vibrational levels of the excited 
state; they belong to the bands 27 '-0", 28-0", and 29-0". The “zero 
lines” of these bands (with /" = 0) have much higher frequencies than 
the exciting mercury line, which is close to the zero line of the band 
26-0". A line belonging to a band with a greater ?/ can coincide with 
the broadened mercury line only if the rotational quantum number /" 
has a relatively high value [compare Equation (38)]. Under these 
conditions the doublet separation, which is. proportional to /", be- 
comes much larger. The transitions assumed by Loomis for the 
various P-lines excited by the green mercury line are listed in Table 24. 
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Table 24 

Doublets in the Resonance Spectra of Iodine Vapor Excited by 
THE Green Mercury Line 


v" 

v' 

7" 

r 

Branch to which 
the R-line 
belongs 

6v 

Frequency difference 
of doublet components 
{cm-») 

Designation 
in diagram 



28 

29 

P 

4.3 

0* 



29 

30 

P 

4.4 

0 

0 

26 

34 

33 

R 

~5.0 

0' 



35 

34 

R 

—5.2 

0*' 

0 

27 

80 

81 

P 

12.0 

1 



85 

84 

R 

— 12,73 

1' 

0 

28 

108 

109 

P 

16.13 

2 

0 

29 

129 

130 

P 

19.26 

3 



134 

133 

R 

—19,9 

3' 



45 

46 

P 

7.6 

4 

1 

29 

50 

49 

R 

—6.6 

i 



51. 

50 

R 

—8.3 

1 4*' 





Fig. 62. Fortrat diagram for the doublets of zero order excited in 
I,- vapor by the green Hg-line. 
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Figure 62 shows the complete Fortrat parabola for the band 26'~0'': 
the curves for the other bands may be continued on the right-hand 
side down to the point where they cross the 0-axis. The ordinates are 
the values of they are the same for either component of every 
doublet. The distances separating the components of a doublet are 
indicated by a horizontal line joining the 7?-line and its companion. 

The doublet separations 8 v decrease in every progression linearly 
with increasing v'', in agreement with Equation (42). Finally, it 
follows from Equation (43b) that if several series have one line in 
common (for instance, the various series excited by the green mercury 
line), all principal doublet components of these series (but not the 
companion lines) must also very nearly coincide, forming apparently 
a single series, if the analyzing spectroscope has a small resolving 
power. However, since each series belongs to another rotational 
quantum number the separation becomes appreciable for higher 
values of v", where the last term in Equation (42) (4J'a'v") can no 
longer be neglected. This also is in complete agreement with Wood’s 
experimental results, 

In all iodine resonance spectra which are excited by the green 
mercury line and have no anti-Stokes lines, the intensity distribution 
is almost identical and, in particular, the same orders which are 
marked as missing in Table 22 are missing in every one of these series. 
This is not a self-evident conclusion to be drawn from any of the 
theoretical considerations put forward in the foregoing sections, since 
some of the series originate from different, although closely adjacent, 
vibrational levels. Hovever, because of the relatively high values of 
v', the eigenfunctions for all these levels have a great number of 
maxima near the turning points, so that the transition probabilities 
for the series depend essentially on the eigenfunctions of the lower 
states determined by v", (This is not the case for other resonance 
spectra — for instance, those of Na^j). 

In resonance spectra having an anti-Stokes member (v'" 1), 

lines appear with wavelengths which are missing in the progressions 
corresponding to v'" — 0. If the emission of a line of a given wavelength 
leads to a vibrational level v" in one of these latter progressions, the 
emission of a line with almost the same wavelength will lead to the 
level 4- 1 in a series containing an anti-Stokes member. Thus, the 
spectral location of the “missing line” v" ==: 2 will now be occupied by 
the line v'" == 3 and the same holds for the other missing lines. Because 
they are not hidden by the much stronger lines of the series 0*-3 in 
Table 24, Loomis was able to determine their exact frequencies in 
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spite of their low intensities. Wliether in the progressions 4 (Table 24) 
the lines corresponding to v" =_ 2, 7, 9 . . . ar(‘ also missing cannot be 
decided because of their coincidence with the lines corresponding to 
7 '" 1, 6 , 8 ... of the progressions without anti-Stokes members.* 

Thv higli values of /" occurring in l'al>le 24 may s(‘em to be 
remarkable ; tliey suggest that unexcited iodine vapor contains con- 
siderable numbers of molecules with rotational fpiantum numbers up 
to 135. This is possible because of the relatively large morncmt of 
inertia of iodine molc'cules, which can be derived from tlu' constant 
/),) according to tlu; relation : B — /i/Sn-I. Th(' analysis of the resonance^ 
spectra pro\Tdes tlie value of 7^ -= 0.037. Thus, 7,^ 8- 10 g cm- 

and the cpiantum number /" - - 135 corn^sponds to th(.‘ rotational 
energy F //•7>-/(/ i 1) — 0.08 eV; this is about four times the 
a\'erage rotational (au^rgy at room t(‘mp(Tature, so that an appnxdable 
fraction of the molecules occupies rotational l(^v<.Ts with those high 
([uantum numbers. 

On the other hand, the vibrational energy of tlie molecules is so 
larg(‘ e\'en for small vahu's of v" that most of the um‘Xcited molecuk^s 
are in tlu' nonvibrating state and ('om])arati\'ely few in tlu' first 
quantum state of \ibration. Accordingly, resonance series without an 
anti-Stok(\s member, or with only on(i such member, have the greatest 
inttmsity. A .s('ri(\s with a second anti-Stok(‘s mcunlKT is also stimulatc'd 
bv ab.soiq'Jtion of the broad gre(‘n nuTcury line, but it is very weak and 
it has not been possible, so far, to assign definite onh'r numlxTs to 
its limes. However, if iodine* vapor of constant density is heat(*d to 
300" C, the intensity of this series increas(‘s wry much in comparison 
to the* intensity c)f the other series. Under conditions such as these, it 
is even i)ossibl(‘ to obtain a fourth and a fifth anti-St ok(‘S line which 
belong to still other progressions excited by th(* green mercury line. 
An increase of temperature does not alter the intensity distribution 
within a homogeneous resonance sj)ectrum. but it will alter the relatica* 
int('nsities of whole series, because tjie number of molecules in tlu' 
corresponding initial states v" J" increases or decreases, h or the same 
reason, only the anti-Stokes and the first positive members of a pro- 
grc'ssion are absorbed, if the fluore.scence light produced by a mono- 
chromatic line is viewed through a layer of iodine va})or at room 
temperature. The lines of greater wavelengths (7-" . > 4) remain i)racti- 

* In resonance' spectra witliont anti-Stokes ineiril)ers, Vi’ood's original 
order niimbi'rs p coincide with the “rational" numbe'rs v" . For series with one, 
tw'o or more' anti-Stokes nu‘ni])ers, they differ by 1, 2 . . . and negative values 
of p have to be introduced for the anti-Stokes members. 

IVingsheim 6* 
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cally unaffected and, thus, the color of the fluorescence is shifted very 
appreciably towards the red. While there are practically no molecules 
with more than four vibrational quanta in the unexcited vapor at 
20^" C, the lines of higher order, at least up to v" ~ 6, are weakened to 
an increasing degree if the temperature of the absorbing vapor is 
raised to 300° C {i2y6), 

1 If the fluorescence of iodine vapor is excited by the absorption of 
white light, the resulting emission spectrum is very similar to the 
absorption spectrum, but it contains a great many more lines, for 
almost all absorption processes start from the lev^els v" ~ 0 and 
= h while the emission processes end partly at levels with much 
higher values of v'\ Therefore, the center of gravity of the total fluo- 
rescence spectrum is displaced towards longer wavelengths, compared 
to that of the absorption spectrum (“Stokes’ law”) 

Argabiceanu, who excited the fluorescence of iodine vapor by 
means of a mercury arc emitting a very narrow green line, obtained a 
resonance spectrum with as many as six anti-Stokes members. The 
excitation of this series corresponds, according to his calculations, to 
the transitions 32'^ 2 ", 35' ^ 3 ", 39'^ l", and 43' <- 5 ". vSince these 
bands are completely missing in the absorption spectrum, Argabiceanu 
believes that the occurrence of the anti-Stokes lines can be explained 
by a “quantum-mechanical resonance phenomenon” (24). It may 
happen that because of the shape of the potential curves the trans- 
ition 43' -> 1" has, in a {special 
case, a much greater probability 
than the transition 43'->5", so 
that the fourth anti-Stokes line 
is much brighter than the i^-line 
in the progression which is ex- 
cited by the absorption process 
43' <- 5 ". However, if this process 
is induced at all by irradiating 
the vapor with the green mercury 
line, the unexcited vapor must, 
under all circumstances, contain 
molecules in the vibrational state 
7/' = 5. If the corresponding band 
seems to be absent in the ab- 
sorption spectrum, it proves only 
that it is, in general, much easier 
to find isolated weak emission 
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lines than to find a weak absorption band on a background which is 
covered by many other, much stronger absorption bands { 24 ). 

Resonance spectra produced in the visible band system of iodine 
vapor by the absorption of the two yellow mercury lines and by 
several zinc, cadmium, and sodium lines have also been investigated, 
although less thoroughly (Figure 63). The resonance series excited by 
the yellow mercury lines show several anti-Stokes members and, 
while at room temperature their intensities are low compared with the 
fluorescence excited by the green mercury line, they increase con- 
siderably with increasing temperature* (i 2 y 6 ,iy 86 a). 


Table 25 

Initial State and Excited State of Ig for the Absorption of 
Various Exciting Lines 


Light 

source 

Wavelength in A 

v" 

v’ 

r 

Na 

i 

2 

17 

30 



1 

15 

47 

Hg 

5791 

2 

19 

44; 37 and 38 


1 

17 

61 and 54 



1 

20 

169 



0 

15? 

72 

Hg 

5770 

2 

20 

68 



1 

18 

80 



0 

10 

93 and 86 

Hg 

5461 

0 

20 

35; 34; 29 and 28 


0 

27 

85 and 80 



0 

! 28 

108 



0 

29 

134 and 129 



1 

29 

51; 50 and 45 

Cd 

5086 

0 

50 

8 



0 

51 

43 


As far as they are known, the quantum numbers corresponding 
to the various resonance series are collected in Table 25. Each of the 
spectra is represented satisfactorily by Equation (48) which, originally, 
had been derived only for the resonance spectrum of Table 23. A 

♦ The yellow Hg-lines cover 10 and 12 lines, respectively, in the iodine 
absorption si>ectruni. Hence, the corresponding resonance spectra do not consist 
of doublets, but of complicated groups of lines. 
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different value of ug must, of course, be inserted into the equation for 
every series. 

If the resonance series which are produced by absorption of light 
in various parts of the band system are compared (Table 26), it is 
found that the longer the wavelength of the exciting light, the larger is 
the average number of anti-Stokes lines. This is due to the fact that 
the bands near the violet end of the system originate exclusively from 
the vibrationless level of the ground state {v" = 0), while with in- 
creasing wavelength of the absorption bands the higher vibrational 
levels come more and more into play. Because every exciting line 
covers more than one absorption line, only average numbers can be 
listed. Thus, the line 5461 A has been shown to excite not only several 
series without anti-Stokes lines, but also series with one to six anti- 
Stokes members. The line 5218A, on the other hand, excites not a 
single series with an anti-Stokes line. 

If the vapor density is kept constant, the yield of the iodine fluo- 

Table 26 

Resonance Spectra of Iodine Vapor Excited bv 
Monochromatic Light 


(Wavelengths in A; estimated relative intensities in parentheses) 


Exciting 

line 

5893 

5791 

5770 

5461 1 

5218 

5086 

1900 

—5 

? ( 0) 



1 







1860( 1) 

_4 

5621 ( 9) 

— 

— 1 

— 

— 

— 

— 

—3 

5686{ 9) 

5590( 0) 

5570( 0) 

— 

— 

— 

1875( 1) 

—2 

5749(10) 

5652( 9) 

5632( 5) 

5350( 2) 

— 

— 

— 

—1 

5816(10) 

5720(16) 

5700(13) 

5405(15) 

— 

5027( 0) 

1892( 2) 

0 

5893(15) 

5791(20) 

5770(20) 

5461(10) 

5218(15) 

5086(15) 

1900(10) 

1 

5972( 8) 

5863(12) 

5842(16) 

5526( 2) 

5278( 6) 

5153( 6) 

1907( 8) 

2 

6046{ 7) 

5935(10) 

4911{ 7) 

5605( 9) 

5338(10) 

5192( 3) 

1915(10) 

3 

6126( 4) 

6012(?) 

5088( 5) 

5659( 4) 

5393( 4) 

5344( 6) 

1922(10) 

4 

6205( 5) 

6086 

6663 

5726( 4) 

5455( 6) 

— 

1930(10) 

5 

6295( 6) 

6164 

6140 

5795( 7) 

5514( 2) 

5353( 8) 

1938(12) 

6 

? ( 1) 

6245 

6215 

5866( 1) 

5577( 5) 

— 

1946(11) 

7 

64d2( 2) 

6324 

6298 

5950( 1) 

5636( 2) 

5477( 8) 

1954(12) 

8 

— 

6405 

— 

601 1{ 0) 

5703( 4) 

— 

1961(11) 

9 

— 

6494 

— 

6095( 0) 

5770( 5) 

5602( 5) 

1969(13) 

10 1 

— 

— 

— 

— 

5846( 5) 

5672( 0) 

1977(11) 

11 

— 

— 

— 

— 

5922( 2) 

5725( 0) 

1985(13) 

12 

— 

— 

— 

— 

5991( 1) 

— 

1993(12) 

13 

— 

— 

— 

— 

6078{ 0) 

5850( 1) 

2002(12) 

14 

i 


— 




2010(14) 



ULTRAVIOLET RESONANCE SPECTRA OF IODINE VAPOR 161 


rescence is practically independent of the temperature. It begins to 
decrease only at the temperature at which the dissociation of the mole^ 
cules becomes noticeable (8^8). 

At 4990A, the band system converges and merges into a region of 
continuous absorption, the intensity of which drops rather rapidly with 
decreasing wavelength. Absorption of light in this part of the 
spectrum causes no fluorescence, but the optical dissociation of the 
molecules into a normal and an excited atom, according to the 
equation : 

I, + hv -> I{2P3;2) + (49) 

The theoretical prediction was corroborated experimentally by 
Turner, who observed, under these conditions, the appearance of 
atomic iodine lines in theabsorption spectrumof the vapor. The excited 
state (“P 1 / 2 ) of the iodine atom is metastable, so that the dissociation 
process is not followed by the emission of an atomic fluorescence 

{1715)- 

49. Ultraviolet Resonance Spectra of Iodine Vapor. A second band 
system is observed at room temperature in the absorption spectrum of 
iodine vapor between 1760 and 2000A. At greater vapor pressures and 
with temperatures increasing up to 1 100 C°, it can be followed to ca. 
3440A because of the increasing number of unexcited molecules in 
higher vibrational states. In the numerous resonance spectra which 
were obtained in this band system, the spacing AG between consecutive 
lines was found to be of the same order of magnitude as in the visible 
resonance spectra. Hence, the lower state into which the molecules are 
transferred by the emission of the u.v. bands is, again, the electronic 
ground state {332,1160 jy8y). 

The analysis of the u.v. band system is less complete by far than 
that of the visible bands. Almost all data referring to the upper state 
are missing. Cordes’ assumption that it is a ^i7-state agrees with the 
observation that, as far as they are analyzed, the resonance series seem 
to consist of doublets. It follows, furthermore, from the investigation 
of the absorption and the fluorescence spectra that transitions with 
large Av have the greatest probability; this means that the potential 
curve of the upper state must be shifted considerably with respect to 
that of the ground state (cf. curve C in Figure 64), Finally, the 
vibrational levels of the upper state have AG values less than half as 
large as those of the gropnd state and converge very slowly, corre- 
sponding to a very large heat of dissociation. 

At room temperature, fluorescence of appreciable intensity is 
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excited only by lines of wavelengths below 2100A. Oldenberg, who 
discovered this fluorescence, obtained resonance spectra by irradiating 
the vapor with the mercury lines 1849 and 1943A, the bismuth line 
1903 A, and the zinc line 1900A. For only the last of these spectra the 
wavelengths of the individual members, which were not resolved into 
doublets, have been published. They stretch from the fifth anti-Stokes 



Fig. 64 . Potential curves of the Ig-molecule [after 
Curtis and Evans { 254 )]. 


member to the thirty-fifth member with a positive order number. 
Asagoe, and Kimura and Tonomura, have investigated, much more 
thoroughly, several resonance series which were produced by the 
iodine atomic lines 1830 and 1844A (29,777). These lines were excited 
by means of an electric discharge through a tube containing iodine 
vapor saturated at O'" C and were reabsorbed by the Ig-molecules con- 
tained in the same tube. This method of fluorescence excitation, which 
the authors called “auto-resonance”, is very efficient, since the pri- 
mary lines are produced in the same volume in which they excite the 
fluorescence and, moreover, all windows vhich might weaken the 
short-wavelength u.v. primary light are avoided. A disadvantage of 
the method is the attendant difficulty of deciding to what extent the 
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molecular emission is actually caused by the in*adiation and not 
directly by the electric discharge or by collisions of the second kind. 
If, however, the emission spectrum consists only of a few 7/'-pro- 
gressions out of the whole band system, the conclusion seems to be 
justified that excitation is caused by the absorption of a few mono- 
chromatic lines. 

One of the progressions (I in Table 27) originates from the line 
1830A, the other (II to V) from the line 1846A. (Several series below 
2000A excited by the atomic iodine lines 1783, 1799, and 1876A were 
also observed, but no numerical data are given). The spectrograms 
were obtained by means of a quartz spectograph of high dispersion and 
record no lines below 2055A, so that all members with v" < 31 are 
missing. On the other hand, series I stretches as far as to the 85th 
order and series II and V even to the 96th order. This enables the 
authors to evaluate the constants of the ground state of the Ig- 
molecule with an accuracy which they consider to be better than 
that obtained by using th<' data from the visible bands. Instead of 
Equation (48), they give the following equation for their resonance 
series : 

V = j^o~^l-k328(t; + 1/2) + 0.5805(e + 1/2)^ -f 0.00198(t; + V2)® 

+ 0.()000124(e -f V/a)-^ (50) 

while the ‘‘constant of interaction” is a" — 0.000018 instead of 
0.000191 cm~^. Table 27 contains the other data relating to these 
series; is the doublet separation in the doublet of shortest wave- 
length observed in each series. The brackets following the 7" values 
indicate whether the exciting line belongs to a P- or an P-branch. It is 
impossible to derive the quantum numbers v' from these observations. 

Resonance series which are excited in Ig-vapor by lines of wave- 
lengths larger than 2000A are very weak at room temperature, but 
attain great intensity when the vapor is heated ; the longer the wave- 
length of the exciting radiation, the higher the minimum temperature 
at which the corresponding resonance spectrum can be observed with 
appreciable intensity. These minimum temperatures are listed in 
the third row of Table 28. The fourth row of the same table shows- 
under AG(v" + ^J^), the distances of the first Stokes line from the ex- 
citing line ; the approximate values of the v"s are derived from these by 
means of Equation (48). All observed series are described satisfactorily 
within the limits of experimental error by inserting appropriate values 
for Vo into this equation. The doublet nature of the spectra could be 
ascertained in only a few cases ; the analysis is difficult and, in general, 
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Table 27 

Ultraviolet Resonance Spectra of Iodine Vapor Excited by 
"Auto-Resonance” 



I 

II 

III 

IV 

v 

Exciting line (A) . 

1830 

1846 

1846 

1846 

1846 

V 

0 

2 

2 

2 1 

2 

7" 

90(R) 

48(P) 

50(P) 

24(P) 

26(P) 

<3r(cm~^) .. .. 

11.3 

6.6 

6.6 

p 

? 


Table 2S 

Ultraviolet Resonance Spectra of Iodine Vapor Excited by Light 
of Wavelengths above 2()00A 


Exciting line (A) 

Exciting line "(cm^O . . . . 

Zn 2026 
49342 

Zn 2062 
48481 

Zn 3239 
46758 

Cd 2265 
44136 

Cd 2288 
43693 

Hg 2537 
39409 

?',„ (" C) 

20 

20 

100 i 

250 

250 

500 

v" 

(f>) 

(7) 

9 

13 

14 

25 

AG(v'' + V 2 ) (cm-i) a 

205 

204 

202 1 

198 

197 

184 

ACiv" 4 ^It) (cm“i) h 

— 


188 * 

176 

177 

146 


not quite certain, because each of the exciting lines covers a large 
number of iodine absorption lines and, therefore, every resonance 
spectrum is composed of several superimposed series. Since the spacing 
JG is somewhat different for the individual overlapping series, they 
become farther separated with increasing order number, so that they 
form an inextricable “maze of lines” (“Liniengewirr”) at the long- 
wavelength end of each resonance spectrum, as shown in Oldenberg’s 
first paper. The fact that the individual series stimulated by “auto- 
excitation” could be followed up to such high values of 7 /' must have 
been due to the particularly favorable sharpness and spectral location 
of the exciting lines {332 ,624,1160). 

At temperatures about 200'^ C above (Table 28), all resonance 
spectra which are excited by primary lines of wavelength greater than 
2100A begin to show a second progression h with appreciably smaller 
spacing than that of the original series a. The corresponding values of 

AG{v*' + V2) listed in the last 
row of Table 28, and a typical 
example is reproduced in Figure 
65. The greater the wavelength of 
the exciting line, the larger is the 
difference between series a and h. 
With further increasing tempera- 
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Fig. 65. Double resonance spectrum 
excited in 1 2 - vapor at 200'’ C {a) 
560° C (p) by Zn-line 2139A. 
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ture, the intensity of series h exceeds that of a. This phenomenon, 
which occurs neither in the u.v. resonance spectra excited by light 
of wavelengths below 2100A nor in those of the visible band system, 
has not yet found a theoretical explanation ( 332 ). 

Concerning the nuclear vibrational levels of the excited electronic 
state from which the various u.v. resonance spectra orginate, one can 
say only that if t;' is assumed (as a limiting case) to be equal to zero for 
the series excited by the mercury line 253 7A, v' must be at least equal 
to 140 for the series excited by the line 1890A. 

50. McLennan Bands. In addition to the resonance spectra 
described in the last section, absorption of light in the u.v. band 
system of iodine vapor causes the appearance of a sequence of partly 
broad, partly rather narrow bands and groups of bands in the fluo- 
rescence spectrum. These bands were discovered by McLennan and 
are frequently designated as “McLennan (or Me) bands” (997). The 
mechanism of their emission can be explained only by assuming that 
some nonquantized molecular states take part in the process (Section 
46). Furthermore, most of the Me bands are never observed in the ab- 
sorption spectrum, although their intensity in the fluorescence spec- 
trum, and also under electrical excitation, is often very great. It is, 
therefore, improbable that the lower state is the electronicground state 
of the molecules, unless highly excited nuclear vibrational levels come 
into play. 

The fluorescence bands discovered by McLennan belong to 
several different types. A long regular sequence of fluctuations between 
2000 and 2500A, with a spacing A iz-^SSO cm"^, appears simultaneously 
with the resonance progressions, if the exciting lines have wavelengths 
smaller than 1900A so that vibrational levels with large v' arc excited; 
they overlap the ‘ ‘maze of lines” into which the resonance seriesmerge. 
A discussion of the energy relations proves that the electronic state 
reached by the emission of these bands lies below the dissociation limit 
of the unexcited molecules where no nonquantized energy states 
exist. Therefore, the emission piocess must start from an upper stated 
(Figure 64) which is not quantized, or the potential curve of which has 
only a very shallow minimum ; and the molecules must be transferred 
to this state from the closely adjacent electronic level C which has been 
reached by the primary absorption of light. It is not possible to give an 
interpretation for the very large values of J which are almost double 
the ojq characterizing the ground state. [The interpretation of similar 
fluctuation bands in the fluorescence spectra of tellurium and selenium 
vapor seems to be much less uncertain (compare Figure 70).] 
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The other types of Me bands arc excited by the absorption of all 
lines which coincide with parts of the u.v. band system of iodine vapor. 
They consist of a great number of symmetrical bands (half-width ~ 
1 30 cm~^) which are distributed somewhat irregularly over the whole 
spectral region Ixjtween 4700 and 2500A, and of several broader con- 
tinuous bands which are superimposed upon the former. Although the 
main aspect of the bands is the same for all exciting lines, the exact 
location of each individual band and its relative intensity varies ac- 
cording to the frequency of the primary light. The group of bands 
between 3150 and 3290A, which is marked as c in Figure 66 and which 
occurs in all Mc-band spectra, is particularly characteristic in this 
respect. 

The smaller the wavelength of the exciting light, the farther these 


0(4 7 00 A) b c(3200A) 4/(2500 A) 

Fig. 66. McLennan bands in the u.v. fluorescence spectrum 
of Ig excited by white light (Duschinsky and Pringsheim). 

Me bands stretch into the u.v. Several attempts have been made to 
divide the bands into regular sequences, but none of these agrees com- 
pletely with the experimental results. In Figure 66 the bands are 
divided into four groups {a~d), an arrangement suggested by a super- 
ficial survey of the spectra and their dependence on the wavelength 
of the exciting light — but this, also, is rather arbitrary [254,333). 

It is difticult to decide whether the occurrence of all Me bands is 
due to a single upper and several lower states, or to more than one 
upper state. It seems rather probable that the upper state of the 
emission processes is quantized and that the lower state is continuous 
and lies above the limit of dissociation of the normal iodine molecules. 
The energy of the excited molecules in the state F from which the 
emission originates must depend to a certain extent on the quantum 
number v' of the vibrational level which is reached directly by ab- 
sorption of the exciting line and from which the molecule passes over 
into F. 

The frequency intervals between these bands are, on the average, 
220 cm""^ and, thus, are of the same order as the nuclear vibration 
quantum cuq of the unexcited molecule. However, it has already been 
mentioned that the ground state of Ig cannot be the final level of the 
emission process. Using all known data about ultraviolet absorption 
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spectra of iodine vapor, Cordes has tried to build up a complete term 
scheme for the Ig-molecule and to interpret the mechanism of the Me 
bands on the basis of this scheme. However, this interpretation does 
not agree with a part of the results obtained in other investigations. 

Several broader, apparently continuous bands are superimposed 
on the other bands in the fluorescence spectrum of iodine vapor which 
is excited by short wavelength u.v. The most conspicuous of these 
continua are located at 2520-2730, 3040-3210 (Y), 3360-3440 (X), 
4040-4320, and 4400-4630A. The bands Y and X may form a single 
system. Various mechanisms have been proposed for the production 
of some of these bands (electron affinity spectrum of the Ig-molecule, 
recombination luminescence corresponding to the process I I -> Ig, 
etc), but none has been satisfactory. At temperatures above 900° C, 
Warren succeeded in extending the discontinuous absorption band 
system from 2000A up to 3440A, where it merged into the band X; 
accordingly, he interpreted this band as the “dissociation continuum” 
belonging to the system {ii6iyiy8y,iy88). 

According to Elliott, it is extremely doubtful whether any genuine 
continua exist in the fluorescence .spectrum of iodine vapor. It had 
been previously observed that several of the continua are replaced by 
bands with a conspicuous, though complicated, structure when 
foreign gases are added to the iodine vapor, and Elliott suggests that 
in the spectrum of pure Ig-vapor at low pressure this structure is 
obliterated only because too many vibrational and rotational levels of 
the excited electronic state take part in the emission process. However, 
this inteipretation, also seems, to involve certain inconsistencies, as 
will be discussed in Section 64 (j6o). 

51* Other Halogen Vapors, The potential curves of the excited 
states are much more displaced with respect to those of the ground 
states for the other halogen vapors, and, therefore, the discontinuous 
parts of their first absorption band systems are much weaker as 
compared with the adjoining continua. Furthermore, the probability 
of the intercombination transition <- producing these first ab- 
sorption band systems is much smaller for the lighter molecules than 
for those of iodine.* According to Rabinowitch and W. C. Wood, the 
ratio of the total absorption in the bands of Ig, Brg, and Clg is 
740:160:90. Thus, resonance spectra could be obtained only with 
much longer exposure in bromine vapor, and it has not been possible so 

* This corresponds to the behavior of the atomic spectra of Hg, Cd, and 
Zn, respcctivily, in which the intercombination lines become less intense with 
decreasing atomic weight. 
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far to observe any resonance fluorescence in chlorine vapor. (Compare 
Section 93 for an indirect method of exciting fluorescence of Br 2 
and Cy 

According to R. W. Wood and to Dunoyer, a weak yellowish 
fluorescence can be excited in bromine vapor by white light. Plumley 
obtained complete doublet progressions by irradiating the vapor with 
the light from a mercury arc and using high intensity apparatus and 
exposures of many hours. The progressions originated from the two 
yellow and from the green mercury lines. The resonance spectrum 
stimulated by the green line was about 300 times weaker than that 
excited in iodine vapor under similar conditions. Even if the relatively 
narrow line from a cooled mercury larnp is used, five resonance series 
of unequal doublet separation are excited in bromine vapor. They are 
ascribed by Plumley to various combinations of the two isotopes Br"^® 
and Br®^. Table 29 gives the doublet separations as positive or 
negative, respectively, according to whether the exciting line lies on 
a P-or aR-branch, so that the ‘‘companion lines” are displaced towards 
greater or smaller wavelengths. Series I is by far the strongest ; it has 
no anti-Stokes member and can be followed up to the 17th member. 
However, the values of 8 v decrease so rapidly that the doublet could 
be resolved only in the first order. The series can be described by the 
equation [260a, 1243 j8yi ) : 

V 18307.5 -- 322.67-z/' -f l.ir)-y"2 (51) 

In a mixture of iodine and bromine vapor, IBr-molecules are 
formed. No fluorescence belonging to these molecules is excited by 
visible light, but, on irradiating the vapor with light of wavelengths 
below 2000A, the emission of a large number of rather diffuse bands 
is obtained in the region extending from 2890 to 4850 A. Although they 
exhibit a certain likeness to the Me bands of pure iodine, the two 


Table 29 

Resonance Spectrum of Bromine Vapor Excited 
BY THE Mercury Line 5461 A 


No. of series 

Isotopes 

v " 

v ' 

r 

6 v (A) 

I 

79-81 

0 

19 

8(i?) 

— 3.0 

II 

oc 

1 

00 

1 

i 23 

17(ft) 

— 6.0 

III 

79-81 

1 

25 

64(P) 

20.5 

IV 

79-79 

0 

21 

IMP) 

24.0 

V 

79-81 

0 

21 

IMR) 

i —25.0 
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spectra do not coincide. Furthermore, the IBr-bands do not stretch 
nearly as far towards the u.v. as the Me bands, and the resonance 
series observed in the short wavelength region of the iodine fluo- 
rescence spectrum are completely missing from the IBr-spectrum (jSy, 
954) ‘ 

In a mixture of iodine and chlorine vapor, a new characteristic 
fluorescence could no more be obtained than in pure chlorine vapor. 
According to Cordcs and Sponer, ICl exhibits a band absorption 
spectrum stretching from 1910A toward smaller wavelengths, whereas 
the corresponding system of IBr reaches as far as 1974A. 

C. Vapors of the Alkali Metals 


52. Existence of Diatomic Molecules. Typical ‘‘resonance spectra” 
were observed for the first time by R. W. Wood in the fluorescence of 
sodium vapor. Wiedemann had found that, if sodium vapor of 
sufficient density was irradiated with sunlight, an intense green fluo- 
rescence occurred along the whole length of the exciting beam ; using 
a spectroscope, he was able to resolve the luminescence spectrum into 
a series of channeled bands in the green, and a second series of such 
bands in the orange and red. Besides, the D-lines occurred with high 
intensity in the spectrum. The absorption spectrum of the vapor 
showed bands of similar structure in the same region, apart from the 
well-known lines of the principal series of the sodium atom {1833). 
Wood analyzed these bands by means of a spectrograph of high 
resolving power and proved, furthermore, the existence of similar 
absorption bands in the neighborhood of the absorption lines of the 
sodium atom in the u.v. All these bands were at first ascribed to 
atomic sodium [i860). Only after Bohr’s theory had provided the basis 
for a theoretical treatment of band spectra, were diatomic molecules 
recognized as the carriers of band absorption and emission in metal 
vapors, which before had always been regarded as monatomic.* 

Dunoyer held the opinion that the bands in the fluorescence 
spectrum of sodium vapor were caused by an organic impurity and 
that they disappeared after careful purification of the metal, and he 
published experimental results which seemed to prove the validity of 
his hypothesis. Although the cause of these observations has never 

♦ Naj-molecules as the carriers of the band spectra were suggested for 
the first time in the author's Fluor escenz und Phosphor escenz im Lichte der 
neueren Atomtheorie,” Springer, Berlin, 1921. 
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been cleared up properly, they were certainly not correct. For the 
intensity of the bands is exactly the same, no matter whether the vapor 
is produced by distillation of the technical metal preserved under 
benzene, or by decomposing sodium azide in vacuo, or whether the 
sodium is introduced into the observation chamber by electrolysis 
through the glass (Figure 67d). A further proof for the production of 
the bands by Nag-molecules can be seen in the fact that bands of the 
same type are not only observed in the absorption and emission spectra 
of the other alkali metal vapors, but that a new band system occurs in 



Fig. 67. Fluorescence spectra of diatomic alkali metal vapors. 

a : pure potassium. b: pure sodium, c: mixed potassium and 
sodium, if: pure .sodium prepared by disintegration of 


a mixture of sodium and potassium vapor. This system is missing from 
the spectra of the vapors of pure sodium and potassium and must, 
therefore, be ascribed to the formation of NaK-molecules. In mixtures 
of other alkali metal vapors similar characteristic band systems occur, 
but have been observed so far only in absorption spectra 
(After these spectroscopic results had destroyed all doubt that 
diatomic molecules exist in the vapors of alkali metals, their presence 
was also proved by precision measurements of vapor pressures and by 
other methods). 

The fact that the molecular bands are closely adjacent to the 
atomic lines in these and many other spectra is understood by the 
assumption that the potential curves of the ground state and the 
excited states are very nearly parallel over their whole length. 

53. Resonance Spectra of Nag. The narrow spacing of the lines in 
the absorption spectrum of the Nag-molecules has the effect that 
within a wide spectral range practically every line produced by the 
arcs or sparks between any metal electrodes covers one or several ab- 
sorption lines and, thus, is able to excite at least one resonance pro- 
gression. Every progression produced in this way is confined either to 
the blue-green or to the orange-red bands ; they belong to two inde- 
pendent s 3 ^stems and originate from different excited electronic states. 
Wood used a great many light sources (electric discharge through the 
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vapors of Hg, Cd, Zn. Mg, Pb, Ag, Bi, Cu, Li, Na, and Ba, and, further- 
more, through hydrogen and helium) for the production of fluorescence 
in sodium vapor. In most instances he did not isolate individual 
primary lines, so that in many of his spectrograms several resonance 
series overlap one another. The spacing JG is approximately the same 
in all these series, and if the exciting light consists of a group of lines, 
this group is repeated over the whole fluorescence spectrum with only 
slight modifications. This, for instance, is the case for the excitation 
by the green Mg-triplet 5167.4, 5172.9, 5183. 7A. The series due to the 
second of these lines is listed in Table 30. On the spectrograms, every 
line has a companion on either side corresponding to the two other 
triplet components. The flgures of the last row of the table are calcu- 
lated according to the empirical formula {i860, i86j, 1868,1^04 ) : 

V ^ 19329 — 142.3/) -f 0.84r)./)2 (/> (), 4- 1, 4- 2 . . .) (52) 


Table 30 

Rksonanck Spectrum of Na^ Excited by tuk Alg-LiNE 5172.9x\ 


p 

~ 6 

5 

- “ 1 

— 3 1 

— 2 

- - 1 

Wavelength (A) 

Wave number 

4940 

4948 

5022 

5000 

1 

5098 

5130 

(observed) 

Wave number 

20219 

20004 

19912 

19703 

19015 

19470 

(calculated) . . 

20214 

20002 

19912 

19704 

19017 

19472 


P 

0 

+ 1 

t 2 

f 3 

-+• 4 

Wavelength (A) . . . . 

5172.9 

5212 

5250 

5288 

5327 

Wave number 






(observed) 

19329 

19187 

19018 

18911 

18773 

Wave number 






(calculated) 

19329 

19188 

19048 

18910 

18774 

1 


Table 31 contains those of the numerous resonance spectra pho- 
tographed by Wood and others in the blue-green system of Nag for 
which an unambiguous assignment to a certain exciting line is possible. 
The rule is again confirmed that with increasing wavelength of the 
exciting light, the number of anti-Stokes lines tends to increase. This 
number is, in general, larger than for the green resonance spectra of 
iodine vapor because the observations must be made at higher 
temperatures (frequently above 500° C), and also because the vibra- 
tional quantum of the ground state is smaller for Nag than for Ig. 



* 172 


DIATOMIC GASES AND VAPOR 


Table 31 

Resonance Spectra of Nag 

(A^~ = number of anti-Stokes lines; N+ -- number of Stokes lines) 


Exciting | 
line (A) 

2n 

4722 

Cd* 

4800 

Zn 

4811 

Ha 

4934 

• Li 
4971 

Pb 

5006 

Cd*. i 
5086 

Cu 

5133 

Mg 

6157 

Mg 

5173 

Mg 

5184 

Ag 

5209 

Cu 

6218 

N- 

1 

0 

1 

0 

2? 

3 

2 

4 


3 

6 

9 

7 

9 

N+ 

7 

14 

6 

1 

10 

6 

7 

0 

6 

1 

4 

3 

i 

3 

2 


1 

0 

0 

1? 

3 

2 

4 

7 

7 

8? 

8 

10 

11 

v'-f j 

9 

1 

5 

1 

4 j 

? 

1 

? 

p 

0 

1 

1 

2 

2 

i 

1 

4 


* Compare pages 147 and 215. 
t v" not quite certain in several cases. 


In Table 32, the constants characterizing the ground state of Nag 
and other diatomic alkali molecules are collected. By means of these 
constants, empirical Equation (52) can be transformed into the 
“rational” equation representing all resonance progressions of the 
blue-green Nag-band system [compare Equations (43) and (44), 
Section 44]. 

Table 32 

Constants Characterizing the Ground State 
OF Diatomic Alkali Molecules 
[/ : moment of inertia ( 1519 )] 


Molecule 



1 

I • 10*“> 

Naj 

1 

159.23 

0.726 

1.0 

2.5 

KNa 1 

123.29 

0.40 

0.62 

6.6 

K, 1 

92.3 

? 

0.61 

18.4 

Csg 

81.99 

1 0.08 

0.45 



The values given under D" for the heat of dissociation cannot be 
determined with any accuracy from the resonance spectra by extra- 
polation. The exact calculation became possible only by the analysis of 
the complete band systems carried through by Loomis and his colla- 
borators. However, the task was considerably simplified by the 
previous investigation of the resonance spectra (952,956a). 

According to this analysis, the ground state of the Nag-molecule 
(and also that of the other alkali metal molecules) is characterized by 
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the symbol ; the excited state from which the emission of the blue- 
green band of Na, (and also the orange band of KNa and the red band 
of Kg) originates, by and that for the orange-red band of Nag, by 

. The potential curves derived from the band analysis are repro- 
duced for Nag in Figure 68A. 

In agreement with the rules governing transitions ^Tl -> 
(Section 45), the resonance 
spectra of Nag consist partly 
of doublets and partly of 
singlets. The resonance vseries 
show maxima of intensity 
at their long-wavelength and 
at their short-wavelength 
ends and a minimum of in- 
tensity in the middle. From 
every excited level two 
transitions have the highest 
relative probability, namely, 
those from the two turning 
points on the potential curve 
of the excited state A in 
Figure 68. The one corres- 
ponds to a relatively small, 
the other to a large value of 
hv. These experimental facts, 
combined with the F.C. prin- 
ciple in its elementary form, *^8. Potential curves of Na, (Loomis 

prove that the minima of the Nile), 

potential curves of the excited state and the ground state {A and N in 
Figure 68) correspond almost exactly to the same internuclear 
distance Tq. A striking result obtained by Wood in his earliest inves- 
tigations is now easily understood : if the fluorescence was excited by 
light which was selected from a carbon arc spectrum by means of a 
monochromator and consisted of a narrow range in the blue-green, the 
fluorescence spectrum was divided into two parts : the first coincided 
very closely with the spectral range of the primary light, whereas the 
other, separated from the first by a dark interval, was situated at 
greater wavelengths. If the monochromator selecting the exciting light 
was set for greater wavelengths, the long-wavelength part of the 
fluorescence spectrum was displaced towards the violet until the two 
parts met in the middle. For the same reason, the resonance spectra 
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which are excited by strictly monochromatic radiation in the blue- 
green band system contain, in general, in addition to the nearly 
equidistant series starting from the exciting line, a great number of 
closely spaced weaker lines in the yellow-green. These belong to 
transitions to the highest vibrational levels of the ground state and 
are difficult to disentangle because of the small values of JG" {i 860 ). 

Brown has carried through a calculation of the intensity dis- 
tribution on the basis of the wave-mechanical formulation of the F.C. 

principle for the two Nag resonance 
spectra excited by Cd-lines 4800 
and508GA (*, Table 31). He made 
the simplifying assumption that 
the molecules in both electronic 
states can be represented by har- 
monic oscillators as long as the 
vibrational quanta 7 / and v" are 
comparatively small. The effective 
frequency a>* was assumed to be 
the mean of the fundamental 
frequency and the frequency of 
the vibrational state v\ cuy ~ 
( 7 ; + Dav--- ( 7 ; + Accor- 

ding to an older analysis, the 
quantum number 7 / = 6 had been 
assigned to the upper level of the singlet resonance series which is 
excited by the Cd-line 4800A. Figure 69 shows a comparison between 
the experimental measurements and Brown’s calculations iorv' ™ 5 
and 6 , respectively. From the excellent agreement between a and b 
it follows with certainly that v' — 5 is the correct evaluation* (J 75 , 

675). 

The agreement between calculation and observation is almost 
equally good for ‘the doublet series excited by the line 5086A which 
consists, apart from the exciting line, only of four anti-Stokes 
members (see Table 31). 

The red band system of Nag also forms a part of the absorption 
spectrum of the vapor and, accordingly, the spacing AG" of the re- 
sonance spectfa excited in this system has the same value as in the 
resonance series of the blue-green band system. Apart from the fluo- 

* The appearance of a very weak anti-Stokes line in the resonance spectrum 
excited by the line 4800 proves that transitions 6' <- 1 " must also occur to some 
extent in the absorption process. 
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Fig. 69. Intensity distribution in 
the Nag resonance spectrum excited 
by Cd-line 4 800 A (Brown). 

a \ observed. h \ calculated for 
v' = 5. c: calculated for t/' -- 6. 
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rescence produced by white light, Wood observed only the resonance 
spectra stimulated by the Lidines 6102 and 6708A. In the absorption 
spectrum, the system stretches somewhat beyond the D-lines in the 
direction of smaller wavelengths. The corresponding transitions 
. [indicated by the first arrow (from the left) in Figure 68] originate 
from high vibrational levels which are little populated at the tempera- 
tures of the experiments, and, therefore, this part of the band is weak. 
Nevertheless, irradiation of sodium saturated at 300°C with the intense 
light from a sodium arc produces, in addition to the atomic D-lines as 
surface fluorescence, the emission of two molecular resonance series 
originating from the D-lines and showing many anti-Stokes members. 
Even before this had been proved conclusively, Schueler suggested 
that the appearance of a series of bands close to the D-lines in the 
spectrum of glow discharges in sodium vapor and of chemical reactions 
with sodium was due to a secondary process : primarily, sodium atoms 
are raised into the 3^P-states by electron impact and, in a second 
process, their energy is transferred on to Nag-molecules. The question 
whether this transfer occurred by collisions of the second kind, or by 
radiation, was left open, 'fhis is the first instance of the mechanism 
which Kimura later called ‘‘auto-resonance” (see Section 49) [iy6, 
i4yyjgoojgo8,igog). 

Wood observed fluorescence in the band system adjacent to the 
second member of the principal atomic series of Na (3303A) caused by 
irradiation with the nonresolved radiation from a carbon arc. Later, 
Seidel succeeded in exciting resonance series by absorption of the 
Ag-lines 3391 and 3383 A and also, of some Cu- and Zn-lines. By the 
emission of these resonance spectra, the excited molecules return to 
the ground state and, thus, the spacing JG in these progressions is 
again of the order of 150 cm~^ {i2oia, 1483,1868). In the absorption 
spectrum of Nag-vapor, the band system between 3600 and 3200 A 
has been analyzed recently by Pearse and Sinha who were able to 
represent the progression of band heads with great accuracy using 
the constants listed in Table 32 although these were derived from the 
analysis of the blue-green bands {1201a). 

54, KNa, Kg, Lig, Rbg, and Csg. Our knowledge of the fluorescence 
of the diatomic molecules of the other alkali metals is much less 
complete. Apart from the fluorescence caused by white light, a few 
resonance series have been photographed in the red band system of Kg 
and in the orange system of KNa; both are produced by a mechanism 
analogous to that responsible for the blue-green system of sodium. 
In the case of Kg, the resonance spectra were excited by the two yellow 
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mercury lines and the two D-lines. The constants for the equations 
by which the spectra can be represented are contained in Table 32. 
Some additional molecular bands, corresponding to other electronic 
transitions, appear in the absorption spectrum of potassium vapor, but 
they have not been observed in fluorescence emission ( 1283 , i 2 g^, 18 ^ 4 ).. 

The heat of formation of the K 2 'molecules was determined for the 
first time by using the intensity of the band fluorescence as a measure 
of the number of molecules present per unit volume and by varying 
the temperature of the vapor, either at constant pressure or at 
saturation pressure. The heat of formation was thus found to be about 
14,000 cal per mole or 0.6 eV, in very satisfactory agreement with 
later, more accurate, determinations { 211 ). 

Fluorescence of Rbg and Lia was observed only under excitation 
with white light. Lig exhibits, under these conditions, a band in the 
red. According to Carter and to Dunoyer, the fluorescence spectrum of 
Rb 2 consists of three groups of bands, one in the red, one in the orange, 
and one in the green. At low temperatures the red group predominates ; 
it stretches from 6700A into the infrared and its numerous bands coincide 
with those of the strongest absorption band system. Probably it is ana- 
logous to the blue-green bands of Nag and corresponds to the transition 
^77-^27. Its intensity decreases at temperatures above 300° C, as com- 
pared with the intensity of the two other band groups { 213 , 320 ,igiy) . 

In the absorption spectrum of cesium vapor, five independent 
band systems were obtained by Loomis between 4800 and 9000A. A 
band with the maximum of intensity at 7667A is already very strong 
at 1 70° C and shows a long progression of band edges. Loomis ascribed 
it also to the transition from the ground state of the molecule to a 
state ^n. Wliile the band at 7667 could not be observed in fluorescence 
under excitation with white light, another band near 6250A appeared 
in the emission sj>ectrum, probably only because of its more suitable 
spectral location. In the absorption spectrum this band becomes 
noticeable at 230° C ; it shows an extremely complicated structure, so 
that Loomis was unable to analyze it or to assign it to a definite 
electronic transition. He succeeded, however, in exciting a resonance 
progression by means of the neon line 6402A; the series consisted of 
six “positive” lines with a spacing AG of the order of magnitude of 
40 cm-i. Since the lower state of a band system appearing in the ab- 
sorption spectrum at such low temperatures must be the electronic 
ground state of the molecule, the constants obtained from the reso- 
nance spectrum are characteristic of the Csg-molecules in the state 

(956.99s. 137 5 )- 
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D. Elements of the Sixth Column of the Periodic System 

55. Oxygen. Nc‘xt to the vapors of iodine and sodium, the fluores- 
cence and resonance spectra of diatomic molt'cules have been most 
extensively investigated in the vapors of the elements of the sixth 
group of the periodic system. The spectral regions in whicli the exci- 
tation and the emission of fluorescence occur in each of these elements 
are listed in Table 33. 


Table 33 

Approximate Location of the Absorption and Fluorescence 
Bands of Og, So, Scg, and Tcg 
(Wavelengths in A) 


Elfjnciit 

j ^^2 

Sa , 

SOn 

Toa 

AbvSorption 

< 1900 

2518-4000 . 

3238-4180 

3831-6200 

Fluorescence . . 

< 2000-3870 

2800-5050 

3050-4910 

4200-0600 


On account of the light absorption by atmosj)heric air, the first 
strong abvSorption band system of oxygen is accessible only to the 
methods of vacuum spectroscopy. Th(i bands below 1900A, which are 
obtained on spectrograms if the light from a high-pressure meicui}’ 
lamp is passed through a layer of atmospheric air before falling on the 
slit of a spectrograph, were interpreted erroneously by Steubing as 
produced by fluorescence of oxygen; they are, in reality, oxygen ab- 
sorption bands visible on the continuous background of the lamp 
spectrum. However, Rasetti obtained a series of resonance doublets by 
irradiating pure oxygen of atmospheric pressure with the mercury line 
1849A, which coincides with one of the last bands of the Og band 
system. The series was photographed from the eighth positive member 
at 2364A to the twenty-second member at 3870A. According to the 
very complete analysis of the Og band system under consideration 
(the so-called Schumann-Kunge bands) the excited state of this 
resonance series is ?/ = 8 , /' = 12 , whereas the ground state from 
which the excitation takes place corresponds to v' = 0 ( 1341 , 15 ^ 3 ). 

A rather intense fluorescence was observed in oxygen at low 
pressure (0.5 mm) by R. W. Wood and others when they irradiated the 
gas with short-wavelength u.v. originating from various spark dis- 
charges. No attempt has been made to analyze this spectrum { 1000 , 
1022 , 1164 , 1880 , J 905 ) . 

56. Resonance Spectra of Sg, Scg, and Tcg. According to Steubing, 
Pringsheim 7 
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the vapors of sulfur, selenium, and tellurium can be excited to fluo- 
rescence by the unresolved radiation from iron or carbon arcs and 
from various spark discharges. The fluorescence spectra consist of 
channeled band's which continue absorption band systems of a similar 
structure towards greater wavelengths and overlap them to a certain 
extent. I.ater investigations by Rosen and others showed that thovse 
fluorescence spectra produced by “while light” are also essentially an 
inversion of the absorption spectra, although stretching farther into 
the region of greater wavelengths (Table 33) 

Under excitation with monochromatic light, doublet progressions 
again appear, instead of the complete band systems. In contra- 
distinction to iodine vapor, the vapors of sulfur, selenium, and tellurium 
contain not only diatomic but also polyatomic molecules in equilib- 
rium according to temperature and pressure. Since the band .sj)ectra 
which are here under consideration belong only to the diatomic 
molecules, their intensity depends essentially on the choice of those 
two parameters. In order to vary them independently, the temperature 
in the observation chamber and in a side tube containing the solid 
material must be regulated separately. Table 34 shows the relation be- 
tween the intensity of the band fluorescence and the temperature at a 
constant vapor pressure of 10“^ mm for the threes elements. 

If, on the other hand, the temperature is kept constant at about 
500'" C, the fluorescence intensity begins to become appreciable at a 
pressure of 10"*^ mm and tlience increases nearly proportionally with 
density. At pressures > 1 mm, the fluorescent region contracts itself 
to the neigborhood of the entrance window for the primary radiation 
and remains observable as “surface fluorescence” up to rather high 
pressures — at least up to 250 mm in sulfur, to 50 mm in selenium, 
and to 30 mm in tellurium vapor. Since the various exciting lines are 

Table 34 ^ 

Fluorescence Intensity of the Vapors of Sulfur, Selenium, 
AND Tellurium 

(Pressure 1 0~^ mm) 


Element 

Sulfur 

1 Selenium 

1 Tellurium 

J ust noticeable at . 

150 ° 

350 ° 

o 

o 

o 

Increases up to 

400 ^" 

600 ° 

800 ° 

Constant up to 

600 ° 

800 ° 

— 

Decreases above . . 

650 ° 

i 

— 
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absorbed to very different degrees in the vapors, according to whether 
the absorption process originates from vibrational level v" — 0, 1 , 2 , 
the state of surface fluorescence occurs for various progressions at 
widely different pressures. In tellurium vapor, for instance, the 
mercury line 5461 A only begins to excite a faint “beam fluorescence” 
at a pressure of 10 mm, while a resonance series excited by the line 
4358A appears exclusively as surface fluorescence under these 
conditions. 

The absorption band systems of Table 33 correspond to transi- 
tions for all three of the elements and, therefore, the resonance 

spectra should consist of doublet svvics. However, this could be 
demonstrated only in very few cases. Generally, exceedingly com- 
plicated line groups were obtained instead of the expected doublets, 
because the exciting lines covered several absorption lines. This is 
caused, at least partially, by the existence of several isotopes of the 
elements which combine to a number of molecules with slightly 
different spectra {y6S,i6osj6o/,i6i'/j/32). 

In several resonance sjxictra of tellurium va])or, the individual 
components of such line groups or apparent multiplets could be 
assigned to various combinations of the tellurium isotopes with the 
atomic masses 124, 125, 126, 128, and 130. According to Rosen, a 
very intense resonance spectrum excited in tellurium vapor by the 
mercury line 4358A can be follow^ed up to the group at 6530A which 
corresponds to v" ~ 36. Since the exciting line lies close to the head 
of the band 8-4", the isotope effect is not strong enough in the first 
members of the series (corresponding to low 7;"-values) to split them 
into distinct components; the apparently single lines are only 
broadened and made diffuse. However, for v" greater than 22, each 
member consists of five well separated lines, and their separation 
increases with increasing values of v". The number of the observed 
components is smaller than 15 (the number of possible combinations 
of the five isotopes) not only because of the very small concentration 
of some of the isotopes, but also because the lines belonging to com- 
binations with nearly equal reduced masses (like 128 + 128 and 
130 H- 126, or 126 -j- 128 and 124 -f 130) coincide almost exactly (ijSj). 

For sulfur vapor, the evidence for the existence of the isotope 
effect is less complete ; however, Swings made the assumption at least 
very plausible that not only molecules made up from the most 
frequent isotope contribute to the emission of some of the resonance 
spectra, but that also molecules containing an atom of the odd isotope 
take part in the process. 
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[In every electronic state of an element molecule consisting only 
of atoms without nuclear spin (even atoms), e\'en or odd rotational 
quantum numbers should occur exclusively (sct‘. Section 45) ; according 
to Swings’ analysis, some resonance spectra of sulfur vapor ~ for 
instance, the spectrum excited by Hg 2967A exhibit groups of 
doublets with rotational quantum numbers which are partially even 
and partially odd. Analogous considerations were applied by Swings 
to resonance spectra of Tcg and Scg, with the conclusion that various 
isotoixi combinations are present also in these vapors [i6ogj6i4). 

The numerous resonance spectra which were observed in the 
vapors of sulfur, selenium, and tellurium are collected in Table 35 
{343,438,472.477-481, 534<S7g,iig5,i237, 1238, 1325, 1374, 1604). 

The spectra are represented satisfactorily by the following 
equations: 


v = Vo — 724. 5z;" -f 2.9m"2 (53) 

Scg: V ^ Vo — 397.5t;" -f 1.32v"^ 

Teg*. V = Vo — 2f)0.4t;" 0.53r''2 

In the fluorescence spectrum of selenium, a second band system 
has been observed in the region of shorter wavelengths. According to 

Table 35 

Resonance Series in the Vapors of Sg, Se ^, and Teg 


(Aq = exciting line in A; N'^ = number of observed anti-Stokes members) 


s 

2 


i Se, 

1 

1 Te. 

Ao 

v" 

N - 

^0 

v" 

v' 

N - 


v" 

v' 

N - 

Hg 2894 



1 

Hg3650 

6 

10 

4 

Hg4067 

3 

19 

2 

Ag 2897 

4 

0 

Hg3655 

3 

4 

3 

Pb 4058 

5 

23 

3 

Ag 2929 

0 

0 

Mg 3829 

— 

— 

2 

Hg 4078 

2 

16 

0 

Ag 2934 

0 

0 

Mg 3832 

— 

— 

2 

Cu 4036 

2 

16 

2 

Mg 2937 


1 

Mg 3838 

— 

— 

2 

Pb 4245 

10 

24 

3 

Hg2968 

2 

1 

Ba 3892 

6 

3 

0 

Hg 4358 

4 

8 

4 

Hg 3022 

— 

4 

Ca 3934 

8 

5 

0 

Cd 4416 

8 

13 

9 

Hg3126 

5 

3 

Ca 3969 

8 

4 

0 

Mg 4481 

5 

6 

5 

Hg3131 

5 

3 

Cu 4024 

7 

1 

5 

Cd 4678 

8 

13 

8 

Cu 3248 

5 

3 

Hg4047 

7 

0 

4 

Zn 4723 

8 

3 

4 

Cu 3274 

5 

3 

Cu 4063 

7 

0 

6 

Cd 4800 

12 

7 

5 

Ag 3281 

2 

2 

Hg 4078 

7 

0 

3 

N 5005 

13 

3 

3 

Cu 3287 

4 

3 

Hg 4358 

13 

3 

10 

Hg 5461 

17 

0 

4 

Cu 3308 

5 

3 

Ba 4525 

16 

4 

3 





Hg 3502 

12? 

0 

Ba 4554 

16 

3 

6 





Hg 3655 

7 

2 




I 
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Diestelmeicr, a group of emission bands is obtained by irradiating tb(‘ 
vapor with the light from an iron spark. The fluorescence was sup- 
pressed by inserting a plate of glass into the path of the exciting light. 
Probably the same bands formed a part of the fluorescence spectrum 
reaching from 2229A to the limits of the visible region which was 
excited by McLennan and Wallerstein in selenium vapor saturated at 
325° C by the unresolved radiation from a mercury arc (jo5,jooj). 

57. Predissociation and Fluctuations. In the band systems of Sg, 
Se^,, and Te^, a phenomenon occurs which was discovered by V. Henri 


30 000 


u 

20000 

10 000 

0 

Fig. 70. Potential curves of Teg (Rosen). 

Shaded area : region of fluctuation bands. 

and was called by him ‘‘predissociation.” In the neighborhood of a 
certain vibrational state with v' = the absorption bands become 
diffuse and the fine structure due to the rotation disappears. The 
phenomenon is explained by assuming that the potential curve of the 
excited state is crossed at the point Vp by the potential curve of another 
electronic state, or at least that the two curves approach each other 
very closely. The potential curve of the “perturbing state” is frequent- 
ly a pure repulsion curve (C in Figure 70) or an attraction curve with 
a very shallow trough (C' and C" in Figure 70), corresponding to a 
loosely bound unstable molecule. The perturbing curve causing the 
predissociation may even have a deep minimum corresponding to a 
stable molecular state, if the point of intersection lies higher than the 
dissociation level of this state. The mechanism is very similar to that 
represented by Figure 48 for the quenching of an excited atom by a 
collision of the second kind. 

If a spontaneous radiationless transition from curve A to curve 
C in Figure 70 is allowed, the lifetime of the excited state A becomes 
shorter and the absorption lines due to the transitions Af.are 
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broadened so that they overlap and render the band diffuse. In the 
emission spectrum, the corresponding lines are almost completely 
missing because the effect becomes noticeable only if a spontaneous 
transition from A to C has a much higher probability than the tran- 
sition from A to N. 

In the band system of tellurium, for instance, predissociation 
causes the bands to become diffuse in the neighborhood of wavelength 
3895A; no resonance spectra can be excited by lines belonging to 
transitions with v' > 20 and, in the complete fluorescence band 
system excited by white light, all bands which originate from vi- 
brational levels with v' > 21 are absent. 

'I'he fluorescence band systems of vScg and (Table 33) are 
continued at their long- wavelength end by a sequence of more or less 
diffuse bands. These bands are also observed in the spectra excited by 
electric discharges and in thermal radiation ; at high temperatures they 
appear even in the absorption spectra of the vapors. Evidently the 
emission process transfers the molecules into the higlier vibrational 
levels of the electronic ground state. Since the bands are emitted at 
lower temperatures by thermal radiation than the bands listed in 
Table 33, the excited level from which they originate must be lower 
than the excited state for the latter bands. According to Rosen and his 
collaborators the new excited states arc represented by shallow^ po- 
tential curves C' and C" in Figure 70. Spontaneous transitions from A 
into C' and C" must be allowed. The existence of two curves of this 
type is assumed because the bands seem to be divided into two groups 
each. Table 36 contains, under AG, the spacing of the principal 
maxima, and under Av, the distances between secondarv maxima 
superimposed upon most of the bands. These secondary maxima are 
apparently caused by the fact that the curves C' and C" belong to 
weakly bound molecular states with closely spaced, but still quantized, 
vibrational levels. Spectrographs of small dispersion do not resolve 
these secondary maxima, so that the bands appear to be mere fluctu- 
ation bands. Bands of this type, with a “fluctuating intensity distri- 
bution”, may be called pseudofluctuation bands. From the values of 
AG in the C'-bands of Tcg, values of v" between 12 and 15 are derived; 
v"s between 15 and 20 are obtained for the C"-bands of Teg,' and, for 
the bands of Scg, v" is also larger than 12 { 1033 , 1380 - 1382 ). 

The processes here under consideration differ from predissociation 
processes in that the states characterized by the curves C' and C* 
must have a lifetime suffleient for the emission of fluorescence and that, 
fur*thermore, the probability of the transition from ^ to C' or C'", 
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and from there to N, must not be large compared with the probability 
of a spontaneous transition from A to N. It must be kept in mind that 
if the transition from A to C' or C" is possible, the molecules are also 
able to return fron] C' or C" to A. Thus, this transition probability is 
not essentially responsible for the relative intensities of the normal 
resonance fluorescence and the pseudofluctuation bands. If the fluo- 
rescence of Seg or Teg is excited by suitable lines — for instance, the 
Mg-triplet 3829, 3832, 3836A which is effective in both vapors — the 
typical resonance series and the pseudofluctuation bands are emitted 
with comparable intensities. 


Table 36 

Pseudofluctuation Bands of Se., and Te, 


Element 

1 Te. 1 

1 Se, 

Band group 

C' 

C" 

a 

C" 

Wavelength (A) .... 

5250-6015 

6022-6359 

4770-5160 

5380-6080 

Number of 
fluctuations . 


— 

5 

8 

A G in cni~^ . . 

250 

220 

360 

330 

A r in cm~i 

20 

20 

30 

45 


The intensity of the pseudofluctuation bands is practically 
independent of the temperature and the gas pressure ; these parameters 
would have a strong ‘influence if the transitions from A io C' and C" 
were caused by collisions of the second kind. On the other liand, 
“radiating transitions” from A to C' (and C") are out of the question 
because of the selection rules forbidding radiating transitions between 
two states from which radiating transitions to a common third state 
(the ground state) are possible. Thus, the transitions from ^ to C' and 
C" must be spontaneous and direct. 

The pseudofluctuation bands of selenium were also obtained by 
irradiating the vapor with white light of wavelengths 3600 to 4200A., 
The spectrum had essentially the same appearance as when excited 
by monochromatic light, ^but every fluctuation group contained more 
secondary maxima ; the same is the case if the emission of the bands 
is caused by electrical or thermal excitation. Apparently the distri- 
bution over the closely spaced vibrational levels of the states C' and C" 
depends on the vibrational quantum number of the state A from 
which the molecules reach the, states C' or C''. As mentioned in 
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Section 50, the Me bands of iodine show a similar behavior. It is not 
improbable that the short -wavelength bands designated in Section 50 
as fluctuations have also a secondary structure which is covered by 
the superimposed ‘‘maze of lines’" and that they hdong, therefore, to 
the class of pseudofluctuation bands dealt with here. 


E. Fluorescence of Other Diatomic Molecules 

58. Elements of the Fifth Column of the Periodic System. The fluo- 
rescence of other diatomic molecules lias been observed occasionally, 
but the data are not sufficient, in general, for the determination of the 
terms between which the corresponding transitions take place. 

I'he first strong absorption band system of Ng lies still farther in 
the u.v. than that of oxygen and has never been obtained in fluo- 
rescence. flowever, Oldenberg observed a number of bands between 
3700 and 4700A by exciting nitrogen at 0.5 mm with light of short 
wavelength (probably less than 1500A) from a spark, llie fluorescence 
spectrum consisted not of resonance progressions originating from a 
definite upper vibrational level, but of complete bands corresponding 
to transitions between two higher electronic states of the Ng-nioleculc 
which are known also from other spectroscopic investigations. By the 
irradiation of atmospheric air with the light from a powerful spark 
between aluminum or copper electrodes, Wood and Meyer obtained 
the emission of the nitrogen bands at 3369, 3536, and 3778A; the last 
occurred with much higher intensity in pure nitrogen (in the absence of 
oxygen ) [looo , 1021 , 1022 , 1163 , ^^^ 4 ) • 

The principal results obtained with the other elements of this 
group are collected in Table 37, The figures in the last line of the table, 
which are marked with an asterisk, represent the fundamental 
vibrational frequencies col derived from the observed values of AG; 
in the other spectra, the available measurements do not suffice for the 
determination of this constant. Two widely different values of AG were 
found by Parys for the resonance series excited in Big-vapor by the 
blue and the green mercury lines; either the two progressions corre- 
spond to transitions to different lower electronic states, or the green 
fluorescence transfer the molecules into very high vibrational levels 
of the electronic ground state (v" > 50), The series excited by the blue 
line has no anti-Stokes member and seems to consist of triplets which, 
however, are probably due to the superposition of two doublet series 
with 8v =: -f 16 and — 20 cm~h respectively. The green doublet 
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series, with Sv= 12 cm“^ has five anti-Stokes, and five positive 
members. Parys described several additional fluorescence bands ex- 
cited in bismuth vapor by the green mercury line, but could not 
assign them to any known electronic transitions. Wliilc at lower 
temperatures and pressures only the atomic fluorescence lines are ob- 
served (cf. Section 15), the blue resonance scries appears in the fluo-. 
rescence spectra of the saturated vapor at 500° C and the green series 
above 800° C. By irradi^ation of Bi-vapor with white light at 1300° C, 
Narrajan and Row obtained twenty-four fluorescence bands between 
5000 and 6600A which coincided with the absorption bands found by 
the same in\'estigators {iog6jig2,ijj8,i6io). 


'Fable 37 

TTatorkscence of the Elements of the Fifth Group 
OF the Periodic System 


Elemtjnt 


Asa {i6t8) 

Sba 

I3is 

'Temperature 
in ° C . . 

600-700 

1100 

900 

I 

500-1300 

Vapor pressure 

1 

0.1 mm 

saturated 
at 300° C 

saturated , 
at 600° C 

saturated 

Fluorescence 
spectrum 
in A 

1 900-3500 



5000-0000 

Exciting . . 
lines for . 

resonance 
series in A j 

A1 1 935, 1 990 
Cd 2144, 2195 
Zn 2026, 2064 
Zn2101 

Hg 2183 
Hg2537 
IIg2C5r) 
Hg 2800 

Hg 2908, 3022 
Hg3120, 3132 
Mg 2929, 2937 

Hg 4358 
Hg 5401 

A G in cm~A . . . 

770* 

420 

277*t 

309; 173.2 


t According to €cna.rd; for Sbj Siksma gives co^ 2G9.5 


Similarly, the atomic rCvSonance lines alone are excited in Sbg- 
vapor saturated at 200° and superheated to 900° C. Only if the oven 
regulating the vapor pressure is heated to 600° do the molecular 
resonance series of Table 37 appear in the fluorescence spectrum (483), 
At somewhat lower pressures, Siksma observed the emission of some 
bands excited in antimony vapor by the light from Mg and Zn sparks; 
there are no data available concerning the origin and the structure of 
these fluorescence bands (1303). 

59* Various Metal Vapors. — The vapor of lead has been investigated 
by Domaniewska-Krueger and Klokowska. By irradiation with white 
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light at 900° C, they obtained the emission of a band system stretching 
from 3200 to 5136A in which 23 edges could be distinguished 
between 4216A and the long wavelength end of the system. Resonance 
series were excited by the mercury lines 3287, 3345, 4358, and 5461 A. 
In the two latter spectra, the individual members could be resolved 
into doublets with Sv ~ 35 and 24.4 cm""!, respectively. For the u.v. 
series, the spacing AG is of the order of 430 cm~!, corresponding 
probably to the approximate value of coj; for j:he series in the visible, 
AG is only about 420 cm""!, authors give equations with a member 
quadratic in v'^ for their resonance spectra; however, since their 
values of colxl vary between 0.7 and 2.07 for the various series, the 
measuring accuracy does not seem to have been sufficient for this 
calculation (jog, y 88). 

The vapors of thallium and indium exhibit a number of absorption 
bands at higher vapor pressures. These probably belong to diatomic 
molecules TI 2 and Ing. Absorption in these bands, however, leads only 
to the emission of atomic lines, according to a mechanism which is 
treated in a later section. The molecular bands themselves could never 
be obtained in the fluorescence spectra (1783). 

60, Light and Heavy Hydrogen. The first absorption bands of 
molecular hydrogen are situated in the far u, v., in the neighborhood of, 
and below, 1060A. They correspond to the transition of molecules from 
ground state , to various electronic states A, B, C. In the 

emission spectrum of an electric discharge through argon with a small 
admixture of hydrogen, Beutler observed a doublet series consisting of 
fourteen members in addition to the normal Lyman bands (A -^N) 
which are excited by collision processes. The spacing dG of the series 
and the doublet separation S v can be derived from the well-known 
constants of the ground state of Hg, if it assumed that the progress 
from 1 to 14, while the rotational quantum numbers are K*' ~ 1 and 3, 
respectively, corresponding to the value K' ~ 1 for the excited state. 
According to Beutler, this series is produced by the absorption of the 
argon line 1066A, which occurs with great intensity in the spectrum 
of the discharge and which transfers the hydrogen molecules from the 
ground state v" = 2, K" = 1 to the level v' == 10, K' ~ 2 oi the 
electronic state B (2^!i7J. The calculated energy of this transition 
agrees with the hv oi the argon line within 2 cm"!. The energy of the 
vibrational level v'' ~ 2 oi the ground state is 8085 cm""! 2300 cal 

per mole; it is so high that the equilibrium concentration of the 
molecules in that level is only 10""® and their p^irtial pressure is not 
more than 10~!® mm at the temperature and the hydrogen pressure 
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in the discharge tube. This is far too little to provide sufficient ab- 
sorption of the argon line; it must, therefore, be assumed that an 
adequate number of molecules in this state is produced by the dis- 
charge itself. 

Similar resonance spectra originating from HD-molecules were 
obtained under the same conditions of excitation in mixtures of light 
and heavy hydrogen. In this case, the molecules are raised from the 
nonvibrating level of the ground state to the level v' ~ 3 of the 
electronic state A ; thus, the series forms a part of the band system 
analogous to the Lyman bands of normal hydrogen. The spectrum 
consists of twelve doublets without an anti-Stokes member; from the 
spacing AG, which decreases along the progression from 448 to 202 
cm~i, the rotational (juantum number K' 2 (K" = 1 and 2) can be 
derived. A weaker companion line of these doublets is ascribed to 
a second series belonging to the same bands, with K' ~ I (104,1026). 

In the HI) resonance spectrum, the doublets with v" = 3, 6, 
and 9 have vanishingly low intensities, while those with 7'" — 5 and 
8 are the strongest. The theoretical intensity distribution could be 
derived from quantum mechanics and was found to be in good 
agr('em(‘nt with the experiments. A better approximation could be 
applied by Bewerndorff in the determination of the eigenfunctions of 
the vibrating hydrogen molecules than had been used by Brown for 
the resonance spectra of Na 2 (compare Section 53). 

Apart from these Lyman band series, four doublets between 1050 
and 1200A were found in the emission spectrum of HD. They originate 
from the argon line 1048A and are related to another band system (the 
so-called Werner bands). The only vibrational level of the ground state 
in which the line 1048A can be absorbed in = 1, with K" = 2. Since 
the relative intensity of this series increases appreciably with increasing 
temperature, it must be assumed that its appearance is favored by 
the thermal increase of the number of HD-molecules with v" = 1. 

Heavy hydrogen, Dg, does not exhibit a phenomenon of this type ; 
no electronic transitions which are in resonance with one of the argon 
lines exist in Dg. 

61. Metal Halide Vapors. The vapors of several metal halides 
provide practically the only examples of polar diatomic molecules 
which are known at present to be fluorescent.* AgCl, AgBr, Agl, and 

* Terenin occasionally mentioned the emission of a fluorescence band 
between 5800 and 2400A which is excited in CO by light of wavelengths below 
1600 A. According to a casual remark of Sen Gupta, the so-called y-bands of 
NO can be produced by irradiating nitric oxide with light of wavelengths 
somewhat greater than 2000A. (See also the following section). 
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Til liave so far been investigated. The absorption spectra of these 
vapors consist, in part, of bands showing a tine structure and corre- 
sponding to transitions from the ground states of the molecules to 
excited states with discrete vibrational levels. Typical resonance 
spectra can be produced by light absorption in these bands. The ap- 
proximate spectral location of the bands and the vibrational fre- 
quencies of the electronic ground states obtained from the resonance 
spectra are collected in Table 38. The table contains, furthermore, the 
heat of dissociation Z)" of the normal molecules and, in the last row, 
the “Rcststrahlen” frequencies of the compounds. The latter vary in 
the same order as the aj"s, but their absolute values are much smaller, 
indicating that the atoms are less strongly bound in the ionic crystal 
lattices than in the molecules of the vapor. T and p are the tempera- 
tures and pressures under which resonance spectra have been obtained, 
7V“ and N'^ the numbers of anti-Stokes and positive members contained 
in the resonance series which were excited by various primary lines 
(422). 

Table 38 

Resonance Spectra of Metal Halides 


Compound 

Agl 

AgBr 

AgCl 

1 TIT 

Absorpticai 
bands (A) 

3168-3350 

[ 

3183-3394 

3110-3485 

3780-5360 

T (° C) 
p (mm) 

800 

0.5 

900 

1.5 


500 

6 

Itxciting 
lines (A) 
N- 
N+ 

Cii 2374, Ag 3383 

4 — 

35 — 

Ccl 3261 

3 

8 

Zn 3175 

1 

3 

Pb 4062, Hg 4047 

(ol (cm“b 

205 

245 

340 

150 

D" (eV) 


2.0 

2.1 

— 

Vr (cm~^) 

3.1 j 

88.9 

122.7 

-- 


By irradiation with the unresolved light from an iron arc, a blue 
band fluorescence is excited in Tll-vapor. By using for excitation the 
cyanogen bands emitted by a carbon arc, the structure of the very 
complicated band system becomes considerably simpler, so that the 
bands can be resolved into series with the two periods = 150 and 
JGg = 30 cm~i. The first one occurs also in the resonance spectra 
excited by monochromatic light and corresponds to the vibrational 
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frequency of the ground state; the other period of about 30 cnr~i can 
be caused only by the vibrational frequency of tlie excited electronic 
state and, in this respect, 'HI differs widely from tlie silver halides. 
According to Franck and his collaborators, the bond between thc^ two 
nuclei, in the case of the silver halides, is of nearly the same strength 
in the ground state and in the first excited state. On the other hand, 
Butkow found that the first excited state of thallium chloride must be 
represented by a very shallow potential curve in order to explain the 
structure of the absorption spectrum of the vapor. A weak fluorescence 
excited in TlCl-vapor consisted of a sequence of narrows bands be- 
tween 3200 and 3350A which seemed to coincide with some of Butkow’s 
absorption bands. In such cases, where the molecules are loosely bound 
in the excited state, the discontinuous part of the band system in 
which resonance radiation can be excited is relatively narrow, and 
transitions into the nonquantized region have a great probability. In 
the case of the alkali halides, the potential cur\^es of all excited states 
are so shallow that light absorption always leads to the dissociation 
of the molecule (see vSection 70) [igi). 

The fluorescence of Tll-vapor can also be excited by light of 
wavelengths below 2100A, but the intensity distribution within the 
bands is quite different. It has been suggcisted that this fluorescence, 
and also the occurrence of some additional continuous bands excited 
by short-wave u.v. is due to a primary process in which the dissocia- 
tion of a molecule is involved. [See Sections 74 and 78 (j 6 j 7)J. 

If the vapors of cuprous iodide and cuprous chloride are irradiated 
at temperatures between 400 and 500° C with the light from sparks 
between aluminum, zinc, or cadmium electrodes, a weak visible band 
fluorescence is observed, green (about 4800-5000 A) in the case of 
Cul, blue-violet (4300-4550A) in the case of CuCl. Since the frequency 
of the exciting light differs so widely from the frequency of the fluo- 
rescence and the emission spectrum is independent of the exact wave- 
length of the primary light, this fluorescence is not resonance radiation. 
Most likely the primary process is the dissociation of CuoClg or of 
CU2I2, which are also present in the vapors, into an excited and an 
unexcited diatomic molecule. This mechanism is treated, together 
with other similar phenomena, in Section 94 [i 64 g). 

62* Fluorescence of Diatomic Radicals. The fluorescence of various 
diatomic radicals can be excited by the collision of polyatomic mole- 
cules such as HgO or NHg with excited mercury atoms, or by the dis- 
sociation of the molecules caused by the absorption of short-wave u.v. 
light. Under these conditions, the fluorescence of the radicals OH, NH, 
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and CN has been observed, and, moreover, the fluorescence of the 
diatomic molecules of the halides of mercury, cadmium, zinc, and 
lead. (See Sections 67, 74, and 94.) In these cases of indirect excitation, 
more or less complete bands appear in the emission spectra, although 
frequently with an anomalous intensity distribution. 

The spectra of comet tails contain lines belonging to bands of the 
following radicals and ions: Oil, CH, NH, CN, Cg, CO"^, CH"^, andNg^ 
{1613,161^ j6ig). They owe their existence to the photodissociation of 
some polyatomic molecules by the short-wave radiation of the sun, 
but it seems certain tliat the emission of their characteristic bands is a 
primary fluorescence process caused by light absorption in the radicals 
themselves, which are relatively long lived because of the low gas 
pressure in the comets’ atmosphere. Although the spectrum of the 
exciting sunlight is continuous, many of the emission spectra have 
almost the character of resonance series produced by the absorption 
of monochromatic radiation : they exhibit only a few rotational lines 
of each band. This is true mainly for those radicals which, because of 
their polar nature, arc able to lose their rotational and vibrational 
energy by infrared radiation, so that they are in the very lowest 
energy levels when they absorb a fraction of the impinging sunlight. 
By every absorption process, the rotational quantum number can 
be increased only by unity. The most important examples of this type 
are the OH-bands between 3078 and 3211 A corresponding to the 
vibrational transitions 0' -> 0", 1' -> 1", and 2' -> 2", and the NH-bands 
between 3350 and 3372A corresponding to 0'->0" and 1'-^ 1"; less 
prominent, but fairly well identified, are the bands of CH ^ between 
3972 and 423 1 A and those of NH+ between 4039 and 405! A. In all 
these bands, the rotational quantum numbers of the excited states are 
iv ' < 2.* If, on the other hand, a C 2 -radical has acquired a high 
rotational energy, either in the primary dissociation process by which 
it is produced or by successive stepwise processes of light absorption, 
it remains indefinitely in this state. Accordingly, the intensity dis- 
tribution of the rotational lines in the “Swan bands” of the comet- 
tail spectra corresponds to a temperature of about 3000°. 

The CN-bands take an intermediate position, the rotational 
quantum numbers being in part as high as 25. However, the intensity 
distribution among the rotational lines differs widely from a normal 
temperature distribution: it shows two distinct maxima at about 
iC' = 3 and K' — 9, the first corresponding to a temperature of 50° K 

* In some of the OH-bands, weak lines with K' = 3 have been identified; 
in the bands of CH, K' even reaches 6. 
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and the other to 400° K. Various explanations have been proposed for 
this phenomenon, but none of them is quite satisfactory. The solar 
spectrum is not uniformly continuous but is interrupted by many dark 
Fraunhofer lines which cause deep intensity minima in the spectrum. 
If such minima coincide with specific lilies of the absorbing molecules, 
the corresponding doublets are missing from the fluorescence spectrum. 
This effect must be taken into account for an interpretation of the 
intensity distribution in all comet-tail bands due to fluorescence ex- 
citation by the solar radiation. However, it is not sufficient for ex- 
plaining the anomalous intensity distribution in the CN-bands which 
occurs equally in the violet sequence, Av — — 1 (4215-3572A), and 
in the ultraviolet sequences, Av = 0 (3883 -3852 A) and Av ~ + 1 
(3584-3572). It seems, therefore, more likely that the double maxima 
in the “rotational temperature” distribution of the CN-radicals occur 
either because the radicals originate from two different parent mole- 
cules, or because one type of parent molecules is photodissociated in 
two different ways. The last hypothesis may find some support in the 
results obtained in laboratory experiments on the photodissociation of 
CgNg and ICN-rnolecules (compare Sections 67 and 94). 

F. Effect of Collisions and of Magnetic Fields on the 
Resonance Spectra of Diatomic Molecules 

63. Various Effects Produced by Collisions. If excited diatomic 
molecules collide with other molecules, the same effects can be expected 
which are produced by collisions in fluorescent monatomic vapors: 
the excited system can be transferred to a closely adjacent quantum 
state, losing only a small fraction of its energy, or it can be genuinely 
quenched and lose its excitation energy almost completely. However, 
in a diatomic molecule either of these effects can be produced not only 
by the same mechanism as in an isolated atom, but also by another 
process which is actually, in either case, the more important and the 
more common one. The molecule can not only be transferred into a 
neighboring electronic state but also into another rotational or vi- 
brational level of the same electronic state; and, in addition to the 
quenching processes treated in Chapter I, the molecule can pass from 
the potential curve characteristic of the stable molecule into a 
repulsion curve intersecting it. If a transition of this type is allowed, 
it leads to spontaneous predissociation (see Section 57). If it is forbid- 
den by one of the selection rules, it can be induced by a collision; 
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following this transition, the two atoms forming the molecule separate 
and the excitation energy is tiansformed into kinetic energy of the 
atoms (592). 

There is no sharp boundary between spontaneous and induced 
predissociation. There are cases hke that of the visible band system of 
iodine in which transitions from the excited electronic state to a 
repulsion curve do not occur spontaneously and are not even induced 
by collisions with helium atoms, whereas the somewhat stronger 
atomic fields of the heavier rare gases are sufficient for enforcing the 
transition. In the other limiting case, the sp>ontaneous transition to 
the perturbing potential curve has a greater probability than the 
emission of radiation causing the return to the ground state as, for 
instance, in the predissociation bands of tellurium. However, there are 
intermediate cases in which spontaneous prodissociation has a relative- 
ly small probability and the effect is greatly enhanced by external 
perturbations. Under these conditions,, even collisions with hehurn 
atoms can become effective. 

If collisions caiuse 'Transfers” as well as ‘‘induced predissociation” 
in a band system, the bands in the long- wavelength region of the 
system, which are due to transitions from the lower vibrational levels 
of the excited electronic state, are not only relatively less quenclied 
than the others but may even be enhanced. Moreover, under these 
conditions the total quenching averaged over the whole band system 
does not obey the Stom-Volmer equation, because the quenching 
efficiency is not constant. It is larger for those molecules the vibrational 
levels of which are close to the point where predissociation occurs ; it 
becomes smaller when more of the excited molecules are transferred by 
collisions into lower levels. 

The effective cross section of a perturbing gas in its interaction 
with an excited molecule containing vibrational energy depends on 
two main factors, d'he first is the mass of the particles, because of the 
conversation of momentum as well as becau.se of the influence of mass 
on the velocity of the molecules and on the duration of the individual 
collisions ; the second is the strength of external molecular fields, by 
which the potential curves of the excited molecules are more or less 
distorted during the collisions. 

64. “Transferring Collisions^’ in Iodine Vapor. If molecules are 
raised by the absorption of monochromatic light into the level v'J' oi 
an excited electronic state, and if they are transferred by collisions 
into other rotational levels, the singlets or doublets of the corresponding 
resonance spectrum give way to more or less complete bands ; if the 
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vibrational quantum number v' is also affected by the collision process, 
new bands appear in the fluorescence spectrum until finally the whole 
band system is emitted. This phenomenon was first observed by 
Franck and Wood in the resonance spectrum of Ig-vapor excited by 
the green mercury line. Bands were already noticeable in the intervals 
between the resonance doublets when 2 mm of helium were added to 



the iodine vapor; with increasing helium pressure, they became 
stronger and more numerous. At a helium pressure of 10 mm the 
members of the original resonanc(i series no longer stood out from the 
background formed by the other band lines, which were now also 
extended much further into 
the red region of the spectrum 
(Figure 71). This intensity 
shift in direction of greater 
wavelengths which is best 
observed if the fluorescence 
is excited bv white light is 
caused by the fact that high 
vibartional energy is par- 
tially transferred from the 
excited Ig-molecules to He- 
atoms, while the inverse pro- 
cess has a much smaller pro- 
bability. However, the major 

part of the excitation energy, which is stored in the excited electron, 
is not affected by the collisions, so that the total intensity of the 
fluorescence is not greatly altered.- At a helium pressure of 20 mm the 
luminous intensity doe.s not seem to have noticeably decreased, as 
far as the change of color makes the comparison possible, and even 
at 80 mm the fluorescence is still strong, although the color has now 
changed to red ; under these conditions, every excited Ig-molecule 
undergoes, on the average, thirty collisions during its lifetime { 412 , 


log. 71. Transformation of a resonance 
spectrum of to the complete band 
spectrum (Franck and Wood). 

1: pure lo-vapor. 2: 2 mm He. 

3 : 10 mm He. 


i8';2,iSgg). 

The admixture of other foreign gases or an increase of the iodine 
vapor pressure itself produces similar results, but simultaneously the 
total fluorescence intensity is weakened to a much greater extent, the 
•degree of quenching depending on the nature of the perturbing gas. 
With argon, the red shift in the intensity distribution is still plainly 
visible; with oxygen, it is practically suppressed by the much stronger 
quenching action (Fig. 72) { 430 ,i 8 yi) 

A change of v' and of /'of the excited molecules is produced with 


Pringsheim 1 * 



194 


DIATOMIC GASES AND VAPORS 


about equal probability by a collision process; the appearance of a 
new line in the same band or in a neighboring band occurs with about 
the same intensity. The “transferring yield” in collisions of excited 
l 2 -molecules with rare-gas atoms is so high that the effective cross 
sections, which increase with increasing atomic weight of the rare gas, 
are in some cases twenty-five times larger than the gas-kinetic cross 
sections ( 32 ^, 34 g,iiyiJ 36 g). (See Table 39). They are also much 
larger than those obtained from measurements of the sound velocity or 
from the heat of activation of the oscillations ; this is probably due to 
the fact that the molecules are in highly excited vibrational levels with 
v' 26 instead of v' 0. 


Table 39 

Transferring Cross Sections a of Rare Gases for the Visible 
Iodine Fluorescence 
(In cm^) 


Gas He Ne A Kr Xe 

cr-lQi® 159 240 309 180 


In general, Av does not exceed 1 or possibly 2 in an individual 
collision process. Bands originating from levels which are separated by 
several vibrational quanta from the initial level occur only if the 
excited molecules suffer a large number of collisions during their 
lifetimes. 

By using a spectrograph of very high resolving power. Wood and 
Loomis were able to prove that collisions with helium atoms always 
change the rotational quantum number J' by two units : every second 
line is missing in the bands of the fluorescence spectrum which is 
excited in iodine vapor by the green mercury line in the presence of 
helium at 10 mm. This is in perfect agreement with the theoretical 
expectations based on quantum mechanics (see Section 45) (igio). 

The ultraviolet resonance series of iodine vapor are not trans- 
formed into the complete band system by the addition of foreign 
gases; the series are only weakened more and more by increasing 
pressure of the foreign gas until they disappear completely. The same 
is true with respect to the Me bands. Simultaneously, the “continuous 
bands” mentioned in Section 50, which are relatively weak in pure 
iodine vapor, are replaced by much stronger bands with a typical 
vibrational structure. According to Elliott, the region corresponding 
to the continua Y and X is covered by a single system in which he was 
able to measure 72 band heads represented by the equation : 
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V -- 33744 + 104(?/ -f l) — 0.2{v' + J)2 

-- 214.26{v" + ^-) -I- 0.592(t;" + |-)2 

with v' varying from 1 to 12 and v" from 13 to 28. 

The lower state is supposed to be the electronic ground state with 
the vibrational frequency characteristic of the unexcited 12 -molecule. 
The potential curve of the upper state must be shifted appreciably 
with respect to that of the ground state since transitions to the lower 
vibrational levels of this state do not occur. The band system becomes 
very complicated in certain parts because to" is nearly equal to 2 co', 

EJliott assumes that molecules which were raised by light ab- 
sorption to high vibrational levels of an electronic state ^2*+ are trans- 
ferred by collisions to low vibrational levels of this state and pass from 
there to a part of the potential curve of an electronic state 
situated immediately below the minimum of the potential curve of 
^2+ ; the fluorescence bands originate at the various vibrational levels 
of the state ^2+ ( 360 ). 

Although it is certain that a mechnism of this kind must be 
assumed for the production of the bands with vibrational structure, 
this assumption does not seem to explain why, in the absence of a 
foreign gas, the band should appear as continuous If the “continuum” 
corresponds to the same electronic transition, its emission must 
originate from approximately the same vibrational levels, since the 
wavelength range is the same in both cases The band can be made 
continuous only by the fact that in the absence of a foreign gas, much 
more numerous and densely packed rotational levels of ^2+ are 
populated; this is very improbable, because relatively sharp resonance 
spectra are emitted from the primarily excited state ^2^". If, on the 
other hand, the apparently continuous band originates from another 
electronic state, the latter might correspond to a repulsion curve and 
the band be really continuous 

The intensity distribution in the band observed in the presence 
of a foreign gas is independent of the wavelength of the primary radi- 
ation, but is influenced noticeably by the nature and pressure of the 
foreign gas and by the temperature. While the intensity of the 
short-wavelength bands of the system, corresponding to great values 
of v\ decreases when the pressure of added nitrogen exceeds 10 mm, 
the intensity at the head of the system near 3450A increases continu- 
ously up to 760 mm Ng. If the temperature is raised to 800° C, the 
short-wavelength part with greater v' values is enhanced. The 
intensity of the band system is much weaker and the intensity 
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distribution corresponds to a relatively greater population of the 
higher vibrational levels, when nitrogen is replaced by helium of the 
same pressure; with helium, the distribution is about the same at 
room temperature as it is with nitrogen at 800° C On the other hand, 
the u.v resonance series and the Me bands are less strongly quenched 
by helium, which also, in this instance, has only a small efficiency in 
“transferring collisions,” both for the transfer from one electronic 
state to the other and for transfers between the various vibrational 
levels of a given electronic state { 333 ). 

On addition of nitrogen to iodine vapor, a structure similar to 
that of the band system at 3450A has been observed by Elliott in the 
other “continua” mentioned in Section 50; some of them are quenched 
again at higher Ng-pressures. Nothing is known concerning the elec- 
tronic states from which they originate; apparently these states also 
lie somewhat below the state which is reached directly in the 
process of excitation and have quantized vibrational levels. According 
to Elliott’s analysis, their vibrational frequencies do not coincide with 
that of the system at 3450A (j6o). 

65. Quenching of Iodine Fluorescence by Foreign Gases. The 
quenching of the fluorescence of diatomic vapors may frequently be 
connected with chemical reactions, as was proved for the fluorescence 
of monatomic vapors. It is possible that the great quenching efficiency 
of gases such as oxygen and the halides is partly due to their chemical 
reactivity. However, very little is known about such processes and 
the particularly strong molecular fields of these electronegative gases 
also may favor induced predissociation. 

The “self-quenching” due to an increase of the vapor pressure of 
the electronegative gases themselves has frequently been overrated. 
It has already been mentioned that oxygen at atmospheric pressure 
and sulfur vapor at 250 mm exhibit strong resonance spectra. While 
bromine vapor was at first expected to be fluorescent only at the very 
lowest pressures because of its electronegativity, the red part of its 
fluorescence spectrum is, according to Plumley, not appreciably 
weakened by increasing the pressure to 70 mm. In W'ood’s earlier 
experiments, it seemed that the visible iodine fluorescence was com- 
pletely suppressed when the vapor pressure exceeded 1 mm ; a consider- 
able part of this apparent self-quenching was explained later by the 
fact that the effects caused by absorption processes were not taken 
into account. On the one hand, a smaller fraction of the incident light 
penetrates into the volume of the vapor, so that surface fluorescence 
becomes prevalent; and, on the other hand, the fluorescence light 
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coming from the interior of the vapor is absorbed on its way to the 
exit window.* Actually, the resonance spectra produced by the 
radiation from a mercury arc are still observed as surface fluorescence 
of considerable intensity in iodine vapor saturated at 150° C {p ~ 
100 mm) [i 2 y 5 ,igi 3 ). 



Fig. 72. Quenching of the Ig-fluorescence by 
foreign gases (Ig-pressurc 0.16 and 0.027 mm) [Berg (9J)]. 

Ared, AyeUouu A green, quenching by argon of the 
red, yellow, and green part of the spectrum. 


Taking the absorption into account, the quenching half-pressure 
of the iodine fluorescence by iodine molecules is 0.08 mm. Because of 
the existence of this self-quenching action, the apparent quenching 
efficiency of foreign gases is largely dependent on the iodine vapor 
pressure itself : the higher the latter, the smaller the efficiency of the 
additional gas seems to be (Figure 72). The fluorescence intensities 
observed at increasing pressures of a foreign gas can be described by 

* Plumley seems to be of the opinion that without reabsorption processes 
the fluorescence intensity would not decrease at all with increasing vapor 
pressure, because a quenching proportional to the pressure would be exactly 
compensated by the growing absorption of exciting light, which is also pro- 
portional to the pressure. However, the amount of primary energy absorbed in a 
certain volume is proportional to the vapor pressure only as long as this pressure 
is so low that the reabsorption of the fluorescence light is of little importance. 
Once the absorption becomes strong, the assumption that the quantity of absor- 
bed radiation increases indefinitely with increasing pressure is erroneous (1243), 
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means of a Stem-Volmer equation, but the half-pressure derived from 
the equation is not related to the natural life time of the excited 
molecules unless it is extrapolated to the iodine pressure zero. This 
has been done for the values given in Table 40. It appears that 
the simultaneous quenching by increasing Ig-pressure and by addition 
of a foreign gas are not additive, as should be expected according to 
Equation (24), Section 35 (gj). 

If the quenching of the visible iodine fluorescence is caused by a 
transfer of the excited molecules to a state represented by a repulsion 
curve, the relatively strong action of molecules of the same kind might, 
pfThaps, again be explained by a quantum-mechanical resonance 
phenomenon in which the excited molecule returns to the ground stale 
and another molecule is raised to the state of equal energy, but corre- 
sponding to the repulsion curve. 

The ultraviolet resonance spectra of iodine and the Me bands are 
slightly weakened by increasing vapor pressure; the self-quenching 
becomes less effective, with increasing wavelength of the exciting light. 
The resonance progression excited by the mercury line 253 7 A is still 
very strong and shows a practically unaltered structure at a saturation 
pressure of two atmospheres. Very few molecules are in the high 
vibrational state from which the line 2537 can be absorbed, and, there- 
fore, the corresponding “resonance effect” which could produce 
quenching should be very weak. 

The conclusion that the quenching of the visible iodine fluo- 
rescence is actually due to a predissociation process was derived by 
Loomis and Fuller from absorption measurements. The absorption in 
the bands corresponding to values of 7 / > 12 increases considerably on 
addition of argon or oxygen to the iodine vapor, and this phenomenon 
can be ascribed only to a broadening of the individual lines caused by 
the fact that the average life of the excited molecules is shortened by 
induced predissociation (8oi,g3^,iyi^,iyiy), 


Table 40 

Quenching of the Visible Iodine Fluorescence 
Bands by Collisions 


Quenching gas 

Het 

At 

H, 

0 , 

CO., 

Ether 

Cl, 

^2 

Half-value 
pressure p* in 
mm 

1 

70(20) 

6 (2.3) 

5 

3.5 

1.2 

0.3 

0.2 

0.08 


t The first figures relate to the red, the second, in ( ), to the green part of the 
fluorescence spectra. 
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Furthermore, lines characteristic of atomic iodine appear in the 
absorption spectrum of a mixture of iodine vapor and argon under the 
action of strong irradiation with light from which all wavelengths 
below 5100A are filtered out, while these atomic lines occur in pure 
iodine vapor only if the vapor is directly photodissociated by light of 
wavelength below 5000A {1717). 

According to Rabino witch and W. C. Wood, the photodissociation 
of Ig-molecules is produced with the same high yield of almost 100% 
if it is caused by light absorption in the continuum adjoining the con- 
vergence limit, or if it is due to absorption in the different parts of the 
discontinuous bands between the blue-green and the yellow in the 
presence of a foreign gas of a few hundred mm (He, A, Hg, or Ng). The 
relative number of dissociated molecules was determined by the 
decreasing absorption in the characteristic molecular bands, and 
every absorption process in the continuous band was assumed to 
produce dissociation. These experiments prove that the quenching 
action of the various gases is due almost exclusively to induced 
predissociation of the excited molecules, but considering the high 
pressure of the quenching gas at which each excited molecule 
undergoes many collisions during its lifetime, they do not answer the 
question whether the probability of a transfer from the excited state 
into the state of repulsion dejxmds on the wavelength of the exciting 
light. This problem will be dealth with in the next section [131S). 

66, Quenching of Iodine Fluorescence by Magnetic Fields. Further 
information regarding the mechanism of the quenching processes has 
been gained by experiments proving the influence of strong magnetic 
fields on the intensity of the fluorescence, and the interpretation of 
these experiments by Turner and van Vleck. According to Steubing’s 
early investigations, the intensity of the iodine-vapor fluorescence 
excited by white light is considerably weakened by a magnetic field; 
the bands in the green part of the spectrum are more strongly affected 
than the red ones. It has since been proved repeatedly that this effect 
is not caused by a corresponding change in the absorption spectrum 
of the vapor {1162,1170,1576, 1577). If a resonance spectrum is excited 
in I2- vapor by monochromatic light, the two components of every 
doublet and the various members of a simple resonance progression 
are weakened to the same extent. However, the total intensities of 
resonance spectra excited by different primary lines are reduced in 
different degrees by a given magnetic field : the quenching efficiency is 
related to the vibrational quantum number 7/ of the excited electronic 
state. Fig. 73 shows the relative weakening a function of the 
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wavelength of the exciting light in a field of 12,500 gauss. A fairly 
smooth curve can be plotted through the observed points ; since these 
})oints correspond to widely different values of the rotational quantum 

number J\ evidently only the 
values of v' and not those of J' 
are decisive for the effect (1713, 

1743)- 

7'he quenching reaches its 
maximum at the frequency 1 8,500 
cm"h According, to theory, this 
frequency corresponds to the 
value of 7 ;' at which the potential 
curve A of the excited molecule 
intersects the repulsion curve C ; 
it is the point where the induced 
predissociation has the greatest 
probability. Van Vleck’s theory for predissociation induced by mag- 
netic fields leads to the equation: 

A ^ {I, ~ I,,) 1 1, == bH^ia + &H2) (54) 

n which H is the magnetic field strength, b a constant depending on 
v\ and a = l/r the reciprocal lifetime of the excited state. Genard 
measured the effect for two doublets of the resonance series excited 
by the green mercury line and obtained a satisfactory agreement 
between his observations and Equation (54), at least for values of H 
larger than 20,000 gauss. Scholz confirmed his results also for weaker 
fields down to 10,000 gauss {482 ,484,1234,147 3) , 

It might be expected that the induced predissociation of excited 
Ig-molecules by collisions and by magnetic fields should show the 
same dependence on the wavelength of the exciting light, viz., the 
value of v\ However, in contrast to the clean-cut results obtained for 
the magnetic effect, the influence of v' on the quenching by collisions 
is very uncertain, according to investigations by several authors. An 
observation published by Ramsauer, according to which the individual 
members of a homogeneous resonance spectrum suffer unequal losses 
of intensity by collision-quenching, also needs confirmation (1330,1714 ) . 

Berg has investigated the simultaneous quenching by collisions 
and by magnetic fields. At increasing iodine vapor pressure the 
quenching action of a given magnetic field decreases continuously; it 
is much less noticeable at room temperature than at 0° C (^ — 0.03 



16000 18000 20000 

V, cm'‘ 

Fig. 73. Quenching of the Ig-fluore- 
scence by a magnetic held [Turner 

(1713)]^ 
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mm) and vanishes almost completely at 40^ C (p -- 1.2 mm). As in 
the case of simultaneous quenching by a foreign gas and by an in- 
crease of the Ig vapor pressure, this result is explained by the shorter 
lifetime of the excited molecules in Ig- vapor of great density. Actually, 
the effect of the magnetic field is even less reduced by tlie quenching 
interaction of the iodine molecules than would b(; expected according 
to an additive superposition of the two factors. The same is true if a 
magnetic field is applied to the iodine fluoresc(‘ncc already weakemed 



Fig, 74. Simultaneous action of collisions and a magnetic field 
on the 1 2 -fluorescence (Berg). 
a: variable Ig-pressurc 

b: variable Oa-pressure at Ig-pressure of 0.17 mm. 

H: 20,000 gauss. 7: fluorescence intensity without field. 

7m: intensity with field. 


by the presence of a foreign gas. This is shown in Figure 74, where the 
solid curve represents the measurements, while the broken curve is 
calculated by superposition of the two individual effects. It seems that 
the magnetic field, in addition to its own quenching action, deforms 
the potential curves of the excited molecules in such a way that the 
effective cross sections for the quenching collisions become larger 
(9J). 

67. Transferring Collisions and Induced Predissociation in Other 
Diatomic Molecules. The predominance of either transferring collisions 
or of induced predissociation depends mainly on the shape of pev- 
turbing potential curves and on their location with regard to the po- 
tential curve of the excited state (592). In the fluorescence of Sg, for 
instance, the quenching is comparatively weak, and transferring col- 
lisions are frequent; the molecules of Scg and Te, sliow the opposite 
behavior. 

Two characteristic regions of predissociation are produced in the 
absorption spectrum of Sg by the existence of two perturbing curves 
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C and C' (Figure 75). Thus, the relatively weak quenching of the 
Sg-fluorescence is not caused primarily by a selecfion rule (as in the 
case of the visible Ig-fluorescence), but must be explained by the fact 
that the intersection point of curve A with curve C lies too high (near 
v' = 19) and, therefore, the energy necessary for raising a fluorescent 
molecule to this point is practically never available in a collision.* 
Curve C', on the other hand, has a shallow minimum, and its inter- 
section point with curve A lies below the dissociation level of the 



Fig. 75. Potential curves of Sj 
(Rosen). 


weakly bound state represented 
by C'. Radiating transitions from 
C/ to the ground state have never 
been observed. Therefore, a tran- 
sition from A to C' frequently 
will be followed, after a few os- 
cillations, by a return to some 
vibrational level of A, and such 
collisions by which an excited 
molecule is transferred from A 
to the state C' would produce 
the same overall result as a 
normal “transferring” collision. 
Some quenching may occur ne- 
vertheless, because of the pos- 
sibility of the dissociation of the 
loosely bound molecule in the 
state C' by a collision before its 
return to the state A. I'he fact 


that transitions A C' are induced by collisions is again prov ed by 
a change in the absorption spectrum; while the spontaneous predis- 
sociation bands are limited to the region close to ?/ = 9, the bands 
corresponding to values of v' down to 4 become diffuse in the presence 
of a foreign gas { 1380 ) . 

According to Durand, the transferring and the quenching efli- 
ciency of all rare gases for Sg-molecules in the vibrational level v' ~ S 
are of the same order of magnitude, and they are also about the same 
for a change in the rotational and the vibrational energy ; the trans- 
ferring efficiency of helium is greater than that of the heavier rare 
gases while its quenching efficiency is smaller. Finally, Durand finds 


* No fluorescence is excited in Sg-molecules by absorption of lines by which 
the molecules are raised into levels of the excited electronic state with v' > 17, 
e.g., by absorption of the Mg-line 2800A. 
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that the apparent quenching cross section of all rare gases decreases 
considerably with increasing pressure of the rare gases or with in- 
creasing number of excited molecules which have already been trans- 
ferred by a collision into a lower vibrational level. The half-pressure 
calculated from the quenching at a helium pressure of 8 mm is 
p* =z \2 mm ; from the relative intensity observed at a helium pressure 
of 46 m.m, the value = 37 mm is derived. However, even this value 
is still so far below those obtained by earlier investigators, who found 
for the quenching of the S2- fluorescence by helium p* > 400 mm, that 
it is doubtful whether the discrepancy can be explained by the fact 
that in these experiments the fluorescence was excited by white light 
and that, therefore, the bands belonging to small values of v' pre-* 
vailed (J25). 

The far larger quenching eiflcicncy of helium and other gases for 
the fluorescence of TCg (and similarly of Scg) is easily understood from 
the potential-curve diagram of Figure 70. The transition probability 
corresponding to spontaneous predissociation is greatly enhanced by 
collisions. Induced predissociation prevails so strongly in comparison 
with transferring collisions that even at high helium pressures only 
the bands which originate from the level reached by a single transfer 
with id z; — 1 appear in the Teg fluorescence spectrum in addition to 
the resonance series which have been directly excited (.^75,592). 

The action of magnetic fields on the fluorescence of the vapors of 
Sg, Sog, and Teg is still somewhat doubtful. According to Genard, 
several resonance series of Sg (for instance, the double progression 
excited by the mercury lines 3126 and 3131 A) and of Sog are enhanced 
by the influence of a magnetic field, while others arc weakened {484, 
485,1234,1^20). An increase in intensity of a series can be caused 
exclusively by a greater number of the molecules in the level z//' 
from which the emission of the series originates; either a smaller 
fraction of these molecules is deactivated by competing radiationless 
processes (this is out of the question since no quenching processes 
occur in the absence of the magnetic field), or more excited molecules 
are produced ; this can occur if the absorption of the exciting line is 
increased by the Zeeman effq^:! of the absorption band.* If an en- 
hancement of a resonance series by a magnetic field must be explained 
by an effect of this type, the same interpretation can also be used to 

* In a region of induced predissociation, the magnetic perturbation of the 
potential curves and, thus, the Zeeman effects of the band lines are particularly 
large. Due to the displacement or broadening of the lines caused by the Zeeman 
effect, the absorption of a given exciting line can be increased or decreased. 
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account for the weakening of other series. Nevertheless, the mecha- 
nism assumed for interpreting the magnetic quenching of the Ig- 
fluorescence may also have a part in the weakening of some of the 
resonance sp>ectra of Scg and Tcg. Since most of the resonance series 
consist of complicated groups originating from a number of closely 
adjacent absorption lines, the changes in intensity can be different 
for various members of the spectrum because of an unequal ‘‘fine 
structure” of each group (25). 

The fluorescence of the diatomic radicals HgCl, HgBr, and Hgl 
can be excited by photodissociation of the mercuric halides by short- 
wavelength u.v. radiation. In the fluorescence spectrum of Hgl a 
System of bands (the so-called /?-bands) reaches from 4425A more or 
less into the u.v., according to the wavelength of the exciting radiation ; 
the corresponding vibrational levels of the excited radicals are 
characterized by lower or higher values of v' . In the absence of a 
foreign gas, the short -wavelength limit of the emission band lies at 
3100A, if the fluorescence is excited by an Al-spark (A ~ 1860A), and 
at 3800A under excitation by a Zn-spark (A ~ 2150A) On addition 
of a foreign gas, both quenching and transferring collisions occur. 
With x^l-spark excitation, all bands corresponding to i^'.^ll are 
suppressed by the presence of argon or nitrogen, while in the other 
parts of the band system the effect of transferring collisions prevails vso 
much that the visible fluorescence even becomes appreciably brighter. 
If only the long-wavelength bands are excited by the Zn-spark, the 
visible fluorescence is not affected noticeably by an admixture of A, 
Ng, or CO, whereas it is strongly quenched by Og and Hg. The bands 
below 4000A are weakened also in this case by the “nonquenching” 
gases. Simultaneously, the structure of the spectrum, which is extreme- 
ly complicated when many levels of the upper electronic state con- 
tribute to the emission, is greatly simplified and consists now in the 
main only of the progression 0' O'", 1", 2" . . . so that the analysis 

becomes much easier [iS^G-iSjg). 

Analogous effects are obtained with mercurous bromide and 
chloride. In the presence of nitrogen at 100 mm, even the weak bands 
of the isotope HgCB"^, which otherwise^ are completely submerged in 
the bands of the more abundant HgCl^, can be clearly identified. 

A second band system, C (3100-2800A), showing fine structure, 
occurs in the fluorescence spectrum of Hgl when it is excited by the 
Al-spark. Only quenching, and no transferring, collisions are produced 
in this system by foreign gases. The quenching cross sections of various 
gases for band C are listed in Table 41. The quenching efficiency of 
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Og is the same for the bands corresponding to v' — 5 and v' ^ 1. Table 
41 shows that the quenching efficiency depends on the molecular 
fields as well as on the masses of the quenching molecules. On the other 
hand, the efficiency of all gases is largest for the fluorescence of Hgl, 
smaller for HgBr, and smallest for HgCl. The abnormally great 
quenching cross section of NH3 for Ihe three halides is caused by a 
chemical reaction; the ammonia pressure decreases after strong 
irradiation, probably because of the formation of ammoniates { 1661 ). 


Table 11 


Quenching of the U.V. Fluorescence of Hg I 
[p* == half-value pressure in mni; and quenching and kinetic 

cross sections) 


Quenching gas 

NHj 

O 2 

COa 

N, 

CO 

H.. 

A 


/>* 

— 

26 

38 

50 

1 

53 

30 

100 

Band C 


37 

28 

1 

22 

M 

13.4 

i 

0.4 ! 

— 


rJqjok 

1.74 

j 0.93 

i _ 

0.61 

i 

0.4 1 

0. 13 

0.23 


Band B 


1 85 

31.5 


0 

0 

0.35 

I --- 


The fluorescence band of the radical CN at 3883 A exhibits widely 
different rotational-energy distributions according to the wavelength 
of the light by which the parent molecule ICN or CgNg is dissociated ; 
they correspond to a “rotational temperature” of the vapor of about 
1500° K 16) or 150° K 

(K' 5), respectively, as com- 

pared to the average temperature 
of the vapor of 380° K (X' 8). 

By the admixture of foreign gases, 
the normal distribution of the ro- 
tational energy is restored, and the 
curves of Figure 76 show that in this 
case the mass of the colliding par- 
ticles plays the most important part. 

The relatively small difference be- 
tween the curves for argon and for 
nitrogen and carbon monoxide may 
be due to the existence of a simul- 
taneous quenching action of Ng and 

and CO, of which no account has CO(o); Hg (a). 


k 
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Fig. 76. Influence of foreign 
gases on the rotational struc- 
ture of CN band at 3883A 
(Jakowlewa): A(#) ; Ng (A); 
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been taken in the measurements; the small efficiency of hydrogen is 
quite obvious ( 681 ^ 683 , 684 ). 

Characteristic bands of the radicals HgH and OH can be excited 
as sensitized fluorescence in mixtures of mercury vapor with nitrogen 
and hydrogen or with water vapor. The OH-bands are also produced 
by photodissociation of various polyatomic compounds (see Sections 
74 and 94). In all these cases, the bands show an abnormal rotational 
intensity distribution : the high rotational levels have not only a much 
larger population than corresponds to the actual temperature of the 
vapor, but the relative population of the various levels does not 
correspond to any Maxwellian distribution. For the HgH>-bands, the 
addition of nitrogen increases the relative intensity of the tail of the 
bandit' = 0 and, accordingly, the number of molecules of 

high rotational energy in the level — 0. The excitation process 
produces HgH-molecules in vibrational levels up to 7;' ~ 5, as is 
proved by the presence of the bands 5' 1" and 4' 0" (2878 and 

2838A) in the fluorescence spectrum. These bands disappear completely 
at higher NVpressures ; the HgH-molecules are transferred by col- 
lisions into lower vibrational lev(ds of the excited electronic state, and 
the vibrational energy is transformed into rotational energy in this 
process. Genuine (quenching is negligible; it is hardly noticed at a 
Ng-pressure of 160 mm. The higher vibrational levels of HgH* are 
depopulated also by collisions with HgO-molecules. In this case, 
however, the lost energy is taken up, in the main, by the colliding 
HgO-molecules, so that th<^ increase of rotational energy in the HgH- 
band 0' 0" is relatively small; on the other hand, a direct decrease 

of rotational enca'gy by collisions with water molecules does not seem 
to be considerable. 

In the mercury-sensitized fluorescence of OH, the bands 
at 3064A, 1' -> 0" at 2811 A, and !'-> 1" at 3122A are observed, all 
with abnormally large quantum numbers J\ In this case, no en- 
hancement of the rotational energy is caused by collisions with Ng- 
molecules, but the weakening of the bands originating from the level 1 ' 
is relatively much greater than the decrease of intensity of the lines 
which correspond to high J' values in the band 0' -> 0"; the collisions 
cause the transfer 1 ' 0' with greater probability than a decrease of 

J'. It is possible, however, that the latter effect is compensated for, 
in part, by the repopulation of the high rotational levels accompanying 
the loss of vibrational energy. At any rate, such processes are much less 
frequent in the collisions of OH* with Ng than in the case of HgH* 
( 106 , 963 , 964 , 1171 , 1365 , a, b ) . 
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68. Atomic Fluorescence Caused by Induced Predissociation. Re- 
sonance scries in th(- blue-grecm band system of Nag, in sodium vapor 
saturated at 300° C, are appreciably weakened by the addition of 
lieJium ; the decrease of intimsity is tlie larger, the higlier the vibrational ‘ 
level 7 / from which a j)rogression originates, k'or instance, the series 
excited by the Zn-line 4722 (v' - 9) is morc^ strongly quenched than 
the series excited by tlu' Zn-line 4811 A (7>' :-r 4); tlie effect is almost 
negligible for the fluorescence excited by the Mg-line 5 183 A ( 7 / = 2). 
The weakening of the resonance' spectra is not compensated by the 
(miission of other bands of the system caused bv the transfer of excited 
molecules into adjacent vibrational levels. Instead of this effect, the 
l)-lines, which are absent from the nionochromatically excited 
r(‘sonance progressions, appear in the fluorescence spectrum; their 
intensity is the strongcT, the gr(‘at<‘r the value of 7 / and the more, 
accordingly, the corr(‘sp( aiding r<‘sonanc(‘ sca'ies is (pienched. Ap- 
parently the sodium molecules in high vibrational lt‘v<‘ls of the excited 
(‘lectronic state are dissociated by the collisions into two sodium 
atoms Na (3^.S') and N'a (3“/^), the latter subsecjiumtly being able to 
emit the atomic resonanc(‘ lines. In an inelastic collision the h<'lium 
atoms transfer, because of tlieir small mass, 92 % of the relative 
kinetic energy into internal (Tiergy of the Na^-molecule ; at 300'' C, 
2 % of all atoms have suflicient kinetic energy for dissociating Nag- 
molecules in the vibrational levels 7’' — 4; and 10% even have the 
(‘nergy for dissociating molecules with v' -- 9. vSince no stepwise 
transfer of \abrationaI energy with Av — 1 seems to occur, it is very 
improbable that complete dissociation is produced by a summation of 
such processes. It is more, likely that the effect is p)roduced by a direct 
transition into another potential curve corresponding to a state of 
repulsion, as indicated by the dotted line C in Figure 68A (675). 

Addition of argon or nitrogen causes, (pialitatively, the same 
effect.' However, while the molecular fluorescence is much more 
effectively quenched, (‘specially in the case of nitrogen, the simul- 
taneous emission of the D-lines is much weaker. This may be due to a 
direct quenching of the band fluorescence by another mechanism (for 
instance, dissociation into two unexcited Na-atoms or a chemical 
reaction), or to a secondary quenching action on the excited sodium 
atoms which have been produced by a first collision. An increase of the 
sodium vapor pressure itself to 50 mm (saturation j)ressure at 600° C) 
causes a very strong emission of the D-lines under otherwise identical 
conditions of excitation. It is possible that in this case the mechanism 
is of the same nature as the one produced by helium; but it can also 
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be a kind of sensitized fluorescence in which the excited Nag-molecules 
transmit their electronic energy to colliding sodium atoms {jyS). 


G. Photodissociation of Diatomic Molecules Followed 
by Atomic Fluorescence 

69. Products of Photodissociation. The products of photodissoci- 
ation of diatomic molecules are either two neutral atoms in the ground 
state, or a positive and a negative ion, or, most frequently, two neutral 
atoms of which at least one is in an excited electronic state. In a 
molecular absorption spectrum each of these dissociation processes 
corresponds to a continuous band in a different spectral region ; some 
of these bands may overlap. 

The continuum adjoining the visible band system of Ig is related 
to the dissociation of the molecule into I(^-P 3 / 2 ) and Since one 

of the atoms is in the ground state and the other in a metastable state, 
no emission of light follows the dissociation process {233,337), 
However, iodine vapor has other absorption bands reaching far into 
the U.V., and on irradiation with light of wavelengths below 1450A the 
vapor emits the resonance line of monatomic iodine at 2063 A. Probably 
the molecules are dissociated into a normal atom and an atom in the 
state 

The convergence limit of the blue-green band system of Nag lies 
at 4565 A. R. W. Wood observed a strong emission of the D-lines by 
sodium vapor saturated at 400° C, when it was irradiated with light 
of wavelengths below 4500A. The dissociation process induced by light 
absorption in the continuum adjoining the blue-green band system is 
represented by the equations {igo8 ) : 

Nag -f hv -> Na Na (S^P); Na (S^P) Na (3*5) -j- Avd 

70. Dissociation of Metal Halides and Their Heat of Dissociation. 

The excited electronic states of the halides of silver and thallium from 
which resonance fluorescence can originate dissociate into a normal and 
a metastable atom: Agl into Ag (55) + I and Til into T1 

+ I or T1 (62^3/,) + I Tl PP 3 / 3 ) and I {^P„^ 

are metastable and have nearly equal energies. It has already been 
mentioned that, in contrast to the silver halides, the first excited state 
of thallium halides is very loosely bound. The alkali halides have no 
stable excited states at all ; they form stable molecules only in the 
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ground state, as so-called ionic molecules. All higher electronic s+ ’.tes 
are represented by pure repulsion curves (Figure 77). Accordingly, the 
absorption spectra consist exclusively of continuous bands in which no 
fluorescence can be excited. Light absorption in the first and in th(^ 
second absorption band splits the molecules into two neutral atoms in 
the ground state or into a positive metal ion and a negative halide ion, 
respectively. 

By light absorption in continuous bands situated in the far ii.v., 
the halides of the heavier metals, as well as those of the alkali metals, 
are dissociated into a normal or a 
metastable halide atom and an ex- 
cited metal atom. Several continua 
have been observed in the u.v. ab- 
sorption spectra of every compound ; 

Idgure 77 sliows six bands of this 
type for Csl which could all be as- ^ 
cribed to different dissociation pro- i 
cesses {iog3,i46i). However, not 
more than two atomic emission lines 
were obtained, so far, from any of 
the dissociated compounds. If the 
vapor of sodium iodide is irradiated 
with light of a wavelength near 
2450A, only the D-lines are emitted jr 
in the fluorescence siiectrum ; under 
the action of light with A < 1850A, 
the second member of the principal series at 3303A, also appears. The 
fluorescence of silver iodide vapor, irradiated with light of wavelengths 
between 2115 and 2060A, exhibits almost exclusively the long-wave 
component of the Ag resonance doublet (3383A), whereas with 
p)rimary wavelengths below 2060A the short -wavelength component 
(3280A) predominates. In the first case, the dissociating silver atoms 
are all in the state Ihe second, most silver atoms arc in the 

state The atomic lines (A^) excited in various vapors by this 

process and the maximum wavelengths (A^) of the exciting radiation 
are listed in Table 42 {igi,2y6, 8oo, i26ya, 1634, 1633 jdjyjyyj-iyyd). 
In general, the spectral region and the long wavelength limit within 
which the atomic resonance lines can be excited, have been determined 
using a number of spark lines between 2400 and 1850A. The yield as a 
function of the wavelength of the exciting light has been measured 
quantitatively only for the Ddine fluorescence of Nal and the green 



ig. 77. Potential curves of Csl 
(Mulliken). 
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Tl- fluorescence of Til. Figure 78 shows that the curve for the fluo- 
rescence yield and the absorption curve do not coincide ; one or several 
other processes must be produced by the absorption apart from the 
excitation of fluorescence. According to Terenin, one of these processes 
corresponds to the dissociation of TII into the ions T1 + and I“. Curve 
II in Figure 78 represents the excitation spectrum of the green fluo- 



Fig. 78. J£xcitalion .spectra (broken line) of Til photodis- 
sociation (Frank). The continuons line in the absor))tion 
spectrum . 

I : Tl* + 1. II : (TF -f I~). ITT : undetrrmint.'d. 

resccnce, and curve I the band in which the dissociation into ions 
occurs* {sSg, 432 ,1643). 

If the wavelength of the exciting light is appreciably smaller than 
in Table 42, the atomic fluorescence lines (for instance, the D-lines) 
are broadened by the increasing Doppler effect. If Nal-molecules are 
dissociated by irradiation with the Zn-line 2026A, the width of the 
D-lines is 0.1 A as compared to the normal Doppler width of 0.03A at 
the temperature of observation. (Compare Section 20.) The velocities 
of the excited atoms determined by the Doppler-e fleet broadening 
have no preferential angular distribution with respect to the direction 
of the primary light {622,1036), 

The last two columns of Table 42 give the heat of dissociation D 

* Terenin is of the opinion that some Til fluorescence bands mentioned in 
Section 61, which are excited by light absorption in the spectral region I, are 
caused primarily by this dissociation process and a subsequent recombination. 
However, this hypothesis is far from being convincing. The bands consist of 
two strong maxima at 4439 and 4084 A with adjoining fluctuations which are 
also observed in the normal absorption spectrum of Til. Absorption of light of 
wavelength < 1900A produces an additional continuous fluorescence band 
between 4000 and 5000 A (maximum at 4152A^ which coincides with the ab.sorpt- 
ion bands mentioned in Section 61, and, finally, a narrow linelike band at 3475A. 
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Table 42 

Photodissociation of Diatomic Vapors of Metal Halides 


Compound 


Xp in A 


iti A 


Lil I 6706 
Nal 5892 


2350 

2450 


Rbl 

Csl 

LiBr 

NaBr 


3303 

7947/7800 

4261/01 

4555/93 

6706 

5892 


1854 

2650 

2080 

2085 

2040 

2144 


Heat of dissociation in eV 


CalciiLited 

Therrnocheniical 

3.4 

3,45(2.8) 

2.95 

3.1 (2.99) 

2.93 


3.00 

3.32(3.18) 

3.08 


3.22 

3.31(3.6) 

4.2 

4.45(3.0) 

3.65 

3.78(3.7) 


Agl 

Cul 

Til 

TlBr 

TlCl 

Bil 


3383 

3280 

3274/47 

5351 

5351 

535 1 

3068 


2115 
2060 
2170 
2080 
1915 
1 850 
2100 


2.2 

2.1 

1.92 

2.65 

3.21 

3.4 

2.04 


( 2 . 0 ) 

(1.4) 
( 2 . 0 ) 
( 2 . 8 ) 

(3.4) 


derived from the fluorescence experiments and from thermochemical 
data. The minimum energy needed for the photodissociation process 
is calculated from the value of ; the energy liberated by the emission 
of the fluorescence line Xp is known. D is obtained as the difference of 
these two energies. 

This method of determining the heat of dissociation is far less 
reliable than other spectroscopic methods and furnishes hardly more 
than a rough approximation. On the one hand, the minimum energy 
corresponding to X^^^ may be appreciably larger than the dissociation 
energy if, according to the F.C. principle, the transition to the repulsion 
curve can occur only with a simultaneous transfer of kinetic energy 
(Figure 59). On the other hand, the experiments are performed, in 
general, at an elevated temperature in order to obtain a sufficient vapor 
pressure. The higher this temperature, and the greater the pressure, 
the more numerous are the molecules which are in higher vibrational 
levels of the electronic ground state and the smaller, therefore is the 
additional minimum energy which must be supplied for the dissoci- 
ation. Thus, the following values of were obtained by Visser for 
the excitation of the green fluorescence in Tll-vapor (Table 43) (1775). 
In spite of these objections against the method, its results are in 
satisfactory agreement with the thermochemical data, inasmuch as 
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Table 4 3 

Values of for the Excitation oi' the 
Green Fluorescence in TH- Vapor 


(Tj and 'I\\ temperature regulating the 
pressure and temperature of ol)servation 
chamber, respectively) 


1 \ C) j 

G (° C) 


385 

401 

2100 

385 

.595 

2144 

385 

720 

2200 

4t>5 

620 

2313 


the latter arc not very consistent among themselves, if they are taken 
from different sources. I'he figures in parentheses in Table 42 are 
those listed in the International Critical Tables ; the others come from 
more recent publications 


H. Lifetime of the Excited States and Polarization 
of the Resonance Spectra 

71. Lifetime. The lifetime of the excited state from which reso- 
nance spectra originate has been determined by means of a fluo- 
rometer for the green-yellow Nag-bands; the measurements, which do 
not seem to be quite reliable, gave a value of r — 10“^ sec { 642 ), All 
other experiments, dealing chiefly with the visible fluorescence of Ig (e.g. , 
displacement of the fluorescence in a vapor jet, broadening of a sharply 
defined fluorescent beam by Brownian movement, and also a fluo- 
rometric determination), gave no positive results, or, at best, an upper 
limit for r which, in all experiments, was of the order of sec. 
About the same value was obtained by applying the Stem-Volmer 
equation to the self-quenching of the iodine fluorescence and assuming 
a quenching efficiency of 100 % for gas-kinetic collisions. However, the 
calculations were based on measurements of the self-quenching in 
which the influence of increasing light absorption was not taken into 
account (see Section 65) and, therefore, have no great value. They lead 
to the conclusion that in order to obtain “reasonable ’’lifetimes of the 
order of 10“’ to 10“® sec, one has to assume effective quenching cross 
sections which are much larger than the kinetic cross sections. On 
the other hand, Heil explained the high sensitivity of the excited 



THEORY OF THE POLARIZATION OF RESONANCE SPECTRA 213 


Ig-molecules to self-quenching by their relatively long lifetime, which 
is due to the fact that the bands correspond to a triplet-singlet inter- 
combination transition. This proves once more that one of the two 
independent parameters contained in the Stern-Volmcr equation 
must be determined by another method (592, r57 j, 79 jj). 

Finally, it has beem shown that data concerning the lifetime of 
excited diatomic molecules cannot be obtained l)y observing th(? 
influence of tempcTatiire or of magnetic fields on the polarization of 
the resonance radiation (compare the following section) (7275). 

72. Theory of the Polarization of Resonance Spectra. While it 
remained doubtful for a long time whether the resonance radiation of 
monatomic vapors was polarized or not. Wood ascertained immediate- 
ly after the disco\T‘ry of the resonance spectra of iodine and sodium 
vaporthatthc radiationshow(‘dapartial polarization if the fluorescence 
was viewed in the direction perpendicular to the direction of the pri- 
mary light. In the case of diatomic molecules perturbations by weak 
magnetic fields or neigboring molecules are almost negligible, and, 
therefore, the phenomenon could be observed without taking any 
special precautions {1864, i8y 8). 

In atoms, the electronic orbits have no preferential orientation 
in a field-free space; they are degenera t(; with regard to their spatial 
cjuantization and very weak external forces are sufficient for influencing 
their orientation in space. In a diatomic molecule, the electronic orbits 
have a well-determined orientation with respect to the line joining the 
atomic nuclei, from which they are only very little deviated even by 
large external forces; the Zeeman effects of band lines are ver\^ 
small. In order to alter the spatial orientation of the electronic orbits, 
the orientation of the whole molecule, including the heavy nuclei, 
must be changed. 

As long as the problem could not be interpreted by quantum 
mechanics, the most plausible assumption was to treat the molecule as 
a more or less anisotropic classical oscillator. For complicated poly- 
atomic molecules, this is still the only possible model and it will, there- 
fore, be dealt with in more detail in a later section. In the simplest 
case, the oscillators are completely anisotiopic (linear); the distri- 
bution of their spatial orientation is at random in a gas. If, under these 
conditions, the oscillators are irradiated with plane -polarized light, 
the fluorescence which they emit in a direction perpendicular to the 
primary light has a degree of polarization — 50 %,* as long as the 

* If the incident radiation is unpolarized, the polarization of the fluo- 
rescence light in the direction perpendicular to the primary light is 

Pringsheim 8 
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oscillators are at rest. The degree of polarization is reduced by the 
thermal agitation of the molecules. 

The translational component of the thermal agitation obviously 
does not affect the orientation of the oscillators and the polarization 
of the fluorescence. The latter is reduced by the rotational comi)onent, 
but not completely destroyed, if the axes of rotation retain their 
direction, i.e., if no perturbing collisions occur during the emission 
process. The frequency of molecular rotation is, in general, of the order 
of 10^^ sec ~h Since the lifetime of the excited states is equal to or 
larger than 10“® sec, each molecule performs a great number of rotations 
during its lifetime. Under these circumstances and with plane polari- 
zation of the primary light, the polarization corresponding to com- 
pletely anisotropic oscillators is pp — 14.3 %. A further increase of the 
rotational velocity by an increase of temperature has no influence upon 
these relations and, therefore, no conclusions can be derived from such 
experiments with regard to the value of r (J275). 

In the quantum-mechanical treatment of the problem, which was 
developed by Placzek and by Mrozowski, the principle of spectro- 
scopic stability was again applied (compare Section 28) : in a field-free 
space the polarization of the fluorescence is the same as in a strong 
magnetic field by which the symmetry of the system is not altered. 
Although the absolute values of the Zeeman separations of the 
magnetic sublevels remain very small even in a field of considerable 
strength, each term, with the exception of Z’-terms which are not 
affected, splits into 2/ — 1 sublevels with different magnetic quantum 
numbers m, J being the quantum number of the total angular mo- 
mentum. As for atomic lines, the degree of polarization of the mole- 
cular fluorescence is derived from the relative population of the 
individual Zeeman levels of the excited state, which is determined 
by the special Experimental conditions* and by the probability of the 
several transitions which can occur between these levels and the 
various Zeeman levels of the electronic ground state. Again, Am — 0 
corresponds to tt - components and Am = ± 1 to a-components. J 
depends on the nature of the electronic term and on the molecular 
rotation but is independent of the nuclear vibration. Therefore, the 

Pn = PpK^ — Pp) > thus, for pp = 50% ; == 33%. The relation holds, however, 

for every degree of polarization pp. Where the distinction between pp and p^ 
is not to be emphasized, the simple symbol p is used for pp. 

♦ These are the directions of the exciting radiation, the electric vector in 
this radiation, and the magnetic lines of force, with respect to each other 
(compare Section 28). 



THEORY OF THE POLARIZATION OF RESONANCE SPECTRA 215 


degree of polarization is the same for all members of a resonance 
progression; in the ‘'classical” theory this has been taken for granted 
without a real proof. On the other hand, the degree of polarization can 
be widely diderent for two closely adjacent series, if they correspond 
to unequal values of J' , and it can also differ for the two components 
of a rotational doublet, imr the polarization, in geip'.ral, is nc)t the same 
for a given value of /' if tlie absorption or the emission process corre- 
sponds to lines l>ang on a P- or an /i^-branch, or if both correspond to 
(^-branch lines. Figure 79 shows 
the degree of polarization p as a 
function of /' for the five possible 
combinations of the two processes; 
the brancli designation in brackets 
[PJ, |(7J, or \R] ref(Ts to the ex- 
citation ])rocess. The curves for 
R[P] and P[A^] are almost coinci- 
dent, and it is noticeable that even 
for small values of J' all curves 
tend toward limiting degrees of po- 
larization, which are 50 % for [(7] 
and 14.3% for tlie others, thus 
agreeing exactly with the degree of 
polarization calculated for the clas- 
sical model of the rotating aniso- 
tropic oscillator. The points in Id- 
gure 79 have been worked out by 
Mrozowski for the relatively simple case of a transition W ’ 27, for 

instance, the one corresponding to the blue-green Nao-bands, where 
the ground state as a i7-statc does not split up into several Zeeman 
levels. According to Placzek, however, the same calculations can be 
applied to transitions between all types of electronic states [loyy). 

73. Experimental Results. The available quantitative experi- 
mental material suffices for testing all important predictions of the 
theory. The polarization has been determined separately for the two 
resonance spectra of Nag which are excited by the cadmium lines 
4800 and 50B6A (marked by an asterisk in Table 31). The first of these 
series consists of singlets (<2[^])» fhe other of doublets {P[R]). The 
measured polarization was p — 42% for the singlets and p ~ \Z% 
for the doublets, in satisfactory agreement with the theory. Even 
better is the agreement obtained by Mrozowski for the resonance 
spectra which are excited by the Hg-line 4358A in selenium and 



log. 79. Degree of polarization of 
the individual lines of a resonance 
sf)ectriim (Mrozowski). 
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tellurium vapor. He found p ~ 14.4 and 14.2%, respectively, and, 
since these spectra belong to bands corresponding to - ^E tran- 
sitions, Mrozowski’s results prove the validity of Placzek’s generali- 
zation of the originally restricted theory {1082, i2go). 

If a resonance sixictrum is excited in the visible band system of 
iodine vapor by monochromatic light, p is the same for all members 
of the progression, and, in particular, Wood’s 7^-line, which coincides 
with the exciting line, is in no way distinguished with respect to the 
others. This result, which seemed somewhat surprising at first, must 
be expected according to tlie theory developed in the last section. 
I'urthermore, Wood found the degree of polarization to be the same 
for the two components of a rotational doublet excited by the green 
mercury line. Although one component is an 7^[i^]-line and the other 
an i^[7^]-line, there is no discrepancy with the theoretical values 
represented by Figure 79. since J' " 35 (see Table 25). If, however, 
the fluorescence is excited by circularly polarized light and is observed 
in the direction opposite to the primary beam, the polaiizations of the 
two doublet components differ. The “principal line” of the doublet for 
which J" — shows circular polarization of a degree only little below 
100% and of the same sense of rotation as the exciting line. The 
circular polarization of the “companion line”* for which J" —j" — 2 
is much smaller and the sense of rotation is reversed. This effect was 
predicted theoretically by Placzek and has been actually observed by 
Daure and Kastler in the first positive doublet of the Ig resonance 
progression excited by the green mercury line (260b, iS^S). 

If the emission of the complete visible band system of Ig is 
stimulated by the absorption of linearly polarized white light, the 
degree of polarization is about 1 3 % at room temperature and is not 
altered appreciably by doubling the absolute temperature at constant 
vapor pressure (J275).t Since these iodine bands consist only of P- and 
P-branches, and since the average value of the rotational quantum 
number of the molecules at room temperature is of the order of 50 or 
more, p should be close to 14.3% according to Figure 79. The 
agreement seems to be satisfactory. 

* Throughout this book J" and /" are used for the quantum number of 
the ground state before the absorption process and after the emission process, 
respectively. Thus, j" — J" is the R [TiiJ-component and J'^ ~ j" — 2 the 
R [g]-component. 

t The value of 18% given in earlier publications must undergo a correction 
because the multiple , reflection in the compensating glass plates had^been 
neglected. For the iodine fluorescence excited by the unresolved radiation of 
a hot mercury arc, Mrozowski obtained values of p between 15 and 20%. 
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When the fluorescence of iodine vapor is excited by plane-polar- 
ized light, the angular distribution of the fluorescence intensity shows 
a maximum in the direction perpendicular to the electric vector of the 
exciting radiation and a minimum in the direction parallel to this 
vector { 421 ). 

The visible fluorescence bands of the alkali vapors Nag, Kg, and 
Rbg exhibit considerably higher d(‘grees of polarization. According to 
Dunoyer, the values of p are between 36 and 38 % in all tliree cases. 
I'hese bands contain (^-branches as well as P- and /^-branches, and 
since all these branches overlap if they are excited by wdiite light, the 
observed polarization represents an average value and can also be 
considered as a confirmation of the theory. Dunoyer assumed the 
existence of a connection between the degree of polarization of the 
fluorescence and the frequency of the molecular rotation, which is 
determined by the moment of inertia and the temperature. However, 
his conclusions were based on extrapolations which were certainly 
not correct. The apparent influence of temperature which he obser- 
ved was caused most probably by the simultaneous increase of 
vapor pressure and the depolarizing action of collisions (jrp). 

More extensive investigations of the influence of collisions on the 
polarization of the resonance fluorescence of diatomic molecules are 
available only for the visible bands of iodine. As may be expected, 
the depolarizing cross sections are, in contradistinction to the case of 
the atomic resonance radiation, relatively small; they are much 
smaller than the quenching cross sections. The depolarization is due 
mainly to collisions by which the spatial orientation of the molecular 
axis is altered, while a change of the rotational quantum number by 
one unit has a much weaker effect. “Transferring collisions” which 
affect only the vibrational energy produce no depolarization. In a 
fluorescence spectrum in which the primarily excited resonance pro- 
gression has been partially transformed by collisions into the band 
spectrum, the lines belonging to the new bands are actually less depola- 
rized than those for which v' has remained unchanged ( 1074 ). The 
depolarizing efficiency of various foreign gases increases continuously 
with their molecular weight, from Hg througli He, Ng, and Ne to A. 
If the fluorescence is quenched by the foreign gas, its depolarizing 
action is reduced because the lifetime of the excited state is shortened, 
exactly as in the case of monatomic vapors. Due to this circumstance 
and to the strong self-quenching of the iodine fluorescence, its polari- 
zation is practically independent of the iodine vapor pressure. The 
polarization of the iodine fluorescence is not appreciably altered by 
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external magnetic fields. If, however, the fluorescence has been 
partially depolarized by addition of helium at a few mm, the polari- 
zation is largely restored by applying a strong magnetic field, because 
the average lifetime of the excited state is shortened by “induced 
predissocialion'’ (Section 66) [loyga). 

The ultraviokd Me bands of iodine vapor differ essentially from 
the resonance bands which have been treated so far, in that a tran- 
sition, probably witliout radiation, occurs bc'tween tlie absorption 
process and the final emission process. Since this transition is spon- 
taneous in the absence of collisions, tlu^ spatial orientation of the 
molecular axis remains unaffected and the rotational quantum numbcT 
does not alter by more than unity. Tims, the polarization of the 
fluorescence should be practically unaffected by the transition. 
Actually, the polarization of the Me bands is v^ery considerable ; even 
with an addition of helium at 10 mm to the iodine vapor the bands 
still show a degree of polarization of 7 %, if the primary light is ])iane 
polarized, and a similar degree of polarization is observed in tlu* band 
at 3460A which is strongly excited only by collisions with a foreign 
gas; the spatial orientation of the molecules is not completely de- 
stroyed by collisions which transfer them to another electronic stale 
{1075). 


I. Sensitized Fluorescence of Diatomic Molecules 


74, Fluorescence Bands Excited in Hg-and Cd-Vapors on Addition 
of Foreign Gases. If excited mercury atoms arc transferred to the 
metastable state by collisions with polar molecules like CO, the latter 
can re-emit the vibrational energy which they have taken up, as 
infrared radiation; this would be a typical case of sensitized fluo- 
rescence, but it would be almost impossible to observe an emission 
process of this kind. In genuine quenching processes, in which the 
excited mercury atoms Jose their total electronic energy in a collision 
with a diatomic molecule, the molecules are not raised into excited 
electronic states and thus excited to emit their own characteristic 
fluorescence; instead, the energy is consumed in producing a chemical 
reaction — for instance, a dissociation process — and only a small 
surplus of energy is available sometimes for an increase of vibrational 
or rotational energy of the newly formed molecules. If these molecules 
are sufficiently stable, however, they can undergo a second collision 
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with another excited atom and this may eventually stimulate the 
emission of sensitized fluorescence. 

As a matter of fact, the fluorescence spectra of mercury and cadmi- 
um vapor excited by the resonance lines of the metals contain in 
addition to the re-emitted resonance lines, bands of HgH,HgD,CdH, 
CdD, and, moreover, of 0>I and NH 3 , respectively, if hydrogen, 
deuterium, nitrogen, water vapor, or ammonia are present in the 
vessel. Wlienever hydrogen participates in the reaction, its concentra- 
tion must be very low, because otherwise the strong quenching action 
of Jig-molecules would destroy all excited mercury or cadmium atoms 
before any other sensitizing energy transfer could occur. These small 
amounts of hydrogen are then probably completely dissociated by the 
interaction with excited atoms. On the other hand, the presence of 
nitrogen or NH 3 increases the intensity of mercury -sensitized fluo- 
rescence in general, even if the nitrogen has no actual share in the 
reaction, because the lifetime of the excited atoms is increased by the 
transfer to the metastable state [471, 1034, igoi). 

The HgH-radicals are very unstable, as already mentioned in 
Section 40; they liave practically no chance to survive more than one 
collision with an excited mercury atom. Therefore, the intensity of the 
IlgH-bands (3 100-4222 A) is proportional to the square of the intensity 
of the exciting line ; two excited atoms are needed for every emission 
process. The CdH-molccules are comparatively stable ; under constant 
illumination with the cadmium resonance line their concentration 
becomes so large that the intensity of CdH-bands (41 98-4791 A) in the 
fluorescence spectrum can be greatly enhanced by irradiating the 
resonance lamp simultaneously with the light emitted by an electric 
discharge through a mixture of hydrogen and of cadmium vapor. 
Under these conditions, the CdH-bands are produced not only as 
sensitized fluorescence but also by direct resonance excitation. This 
enhancing effect is obtained in analogous experiments with CdD and 
ZnH-vapors, but it is not observed with HgH and HgD-molecules. On 
the other hand, the CdH-bands appear under the same conditions of 
excitation when the atomic fluorescence of cadmium vapor is quenched 
by an admixture of propane vapor at a pressure between 1 and 7 mm 
{92,1173,1562), 

In the process of formation of the HgH-molecules by collisions of 
metastable Hg (3Po)-atoms and Hg-molecules, a surplus energy of 
0.62 eV is available, while there is an energy deficit of 0.1 eV 
if the hydrogen molecule is replaced in the process by a water mole- 
cule : 
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Hg (3P,) + ->HgH + H -f 0.61 eV 
Hg («Po) + np -> IlgH + OH — 0.1 eVf 

Beutler and Rabinowitcli assuiried that the surplus energy of the first 
process is transfernnl partly into rotational energy of the HgM- 
molecule and that it is preserved as such until the excitation occurs by 
a collision with another Hg {Jo 6 ). Tliis hypothesis has been 

proved to be erroneous by Rieki^. WdiatevtT their origin, tlie HgH- 
molecules attain the thermal equilibrium of their vibrational and 
rotational energy by collisions with X.>orH 20 -molecules. In the ensuing 
excitation process, vibrational and rotational energy is transferred to 
the HgH-molecuIes. Subsequently, the vibrational energy is con- 
verted almost completely into rotational energy by collisions with 
Ng-molecules, while collisions with HoO-molecules are much less 
efficient, as pointed out in Section 67. Therefore, tlie HgH-bands show 
an abnormally high “rotational temperature” only when they are 
excited in the presence of nitrogen 

In addition to the HgH-bands, OH-bands, the so-called water 
bands, with edges at 2811 and 3064A, always appear in the mercury- 
sensitized fiuorevscence spectrum if water vapor is present in the vessel. 
Since excited mercury atoms are transferred with great i)robahility to 
the meta table state by collisions with water molecules, tlie first 
process which occurs is. in general: 

Hg (®Pi) 4- H^O Hg pPo) -r HjO + E, followed by: 

Hg PPo) + HgO HgH 4- OH. and finally by: 

Hg («Po) + OH Hg eSo) 4- OH* 

In the OH-band originating at the vibrational level i;' — 0, the highest 
rotational quantum number observed is = 17, while in the band 
originating at the level v' — 1, J' leaches up to 12. These two levels 
of OH* [v' == 0, 7' = 17, and z;' = 1,/' = 12) lie immediately below 
the energy level of the mercury atom G^Pq { 963 ,^ 64 ). 

The intensity of the OH-bands increases more than propor- 
tionally to the first power, but less than proportionally to the 
second power of the primary light intensity. Therefore, it must be 
assumed that after the OH-radicals have been formed, some of them 
can be excited more than once before they are destroyed. The pro- 
cesses leading to the emission of the NH-bands, when Hg and Ng are 

t On the one hand, the dissociation energy of ElaO to H 4- OH is 118 kcal 
or 5.14 cV; on the other hand, the energy of formation of HgH is 0.37 eV and 
the energy of Hg (6®Po) is 4.7 eV {336). 
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added to the mercury vaj)(>r, must he still more complicated, since the 
dissociation of N 2 cannot be effectuated by a single collision with an 
excited mercur}^ atom. Gaviola assumes metastable mercury atoms to 
be present in such great concentration, because of the interaction with 
nitrogen molecules, that three-body collisions between two metastable 
Hg-atoms and an N 2 -molecule can occur and produce the dissociation 
of the latter. The heat of formation of NH from atomic hydrogen and 
nitrogen is supposed to provide the energy necessary for the excitation 
of the NH-bands. No special hypothesis has been proposed re- 
garding the excitation of the NH-bands by collisions of excited 
mercury atoms with NHg-molecules. Whatever the mechanism of their 
production may be, the NPi-radicals are also relatively long-lived, 
since the intensity of the NH-bands follows nearly the same law as 
that of the OH -bands in its relation to the energy of the exciting 
radiation. In the presence of N 2 , the red and violet CN-bands are 
frequently observed in the mercury-sensitized fluorescence. The carbon 
atoms are probably produced by dissociation of some organic stopcock- 
grease vapor. The pdienomenon has never been investigated any 
further. 

All bands mentioned in tlu‘ last paragraphs show fine structure 
and can be ascribed unequivocally to their carriers. The origin of two 
additional continuous bands has not yet been explained satisfactorily. 
'I'he first, between 2900 and 4000A, occurs only in the presence of 
NH 3 and the other, between 2537 and 3200A, in the presence of HgO- 
vapor. They are produced by a single absorption process, since, in this 
case only, the intensity of the fluorescence is direct 1 }^ proportional to 
the intensity of the incident mercury resonance line. Wood and 
Gaviola suggest that a complex molecule of high energy is formed by a 
collision of an excited mercury atom and an NH 3 or HgO-molecule, 
respectively, and that the emission of the bands is caused by the 
disintegration of these complexes [4yijgoi). 

The Hgl-bands at 4525A (compare Sections 65 and 93) form a 
part of the fluorescence spectrum which is emitted if a mixture of l 2 ~ 
vapor and nitrogen containing traces of mercury vapor is irradiated 
with the mercury resonance line at a temperature of 800° C. The bands 
disappear from the fluorescence if the exciting mercury line is self- 
reversed; the radiation by which tliey are excited is thus absorbed 
primarily by normal mercury atoms. The emission of the bands may 
be due either to the formation of excited Hgl-molecules by collisions 
of excited iodine molecules with excited mercury atoms, or to the 
sensitized fluorescence of Hgl-molecules present in the vapor (jjj). 
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If a mixture of iodine vapor and nitrogen is illuminated at room 
temperature with short -wavelength u.v., a deep green fluorescence is 
observed. It is caused by the emission of a band having a width of 
about 200 A and showing some fine structure. It cannot be obtained in 
pure iodine vapor nor in pure nitrogen, not even by an electric 
discharge, nor does it appear in iodine vapor if any other gas is added 
instead of nitrogen. The band begins to be noticeable at a nitrogen 
pressure of a few cm and its intensity increases continuously if the 



Fig. 80. Potential curves for the system rare gas-mercury (Oldenberg). 
a \ first short-wavelength max. c, d: long-wavclcngth bands. 

b\ second short-wavelength max. e: atomic line. 

nitrogen pressure is rai.sed to one atmosphere and more. Apparently 
the iodine molecules are able, in their highly excited state, to form 
iodine-nitrogen compounds of great energy which emit the green band. 
Such processes,' including some of those mentioned in the preceding 
paragraphs, are perhaps better designated not as sensitized fluorescence 
but as photo-chemiluminescence : the energy of the primarily excited 
molecules induces a chemical reaction which, in turn, causes the 
emission of light (360,1161). 

75, Rare Gas-Mercury Bands. Unexcited mercury atoms are not 
able to form stable molecules with the atoms of helium or other rare 
gases; if the mercury atoms are in the excited state or G^P^, 
however, such molecules can exist, though their heats of dissociation 
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arc very low. Figure 80 shows the potential curves for the systems rare 
gas-JIg and rare gas-Hg(^/\). Two states of repulsion, which 

also occur in the second case, can be disregarded in this connection ; 
tlie minima of the attraction curves are very shallow. The distance 
between the dotted horizontal line and the horizontal branches of the 
attraction curves corresponds to the average thermal energy of tlie 
atoms at room temperature. The points at which the dotted line 
intersects the potential curves determine, therefore, the distance to 
which, on the average, the two atoms approach each other, or the 
most probable turning points: they are located on both curves 
above tlui dissociation level of the loosely bound molecules and 
correspond to nonquantized states. Transitions from there to the 
potential curve N of the ground state cause the emission of two broad 
lines which are displaced in the direction of shorter wavelengths with 
regard to the normal mercury resonance line, as already mentioned 
in Section 36. 

If, however, the c.xcitcd mercury atom and the atom of the rare 
gas approach each other with low velocities, weakly bound mer- 
cury-rare gas molecules can be formed in three-body collisions. 
Because of the shallowness of the potential trough, the number of 
rather closely spaced vibrational levels of these molecules is small. By 
transitions from these levels to the almost horizontal potential curve N 
of the ground state, the molecules dissociate and, simultaneously, 
emit fluorescence bands which show fluctuations almost exactly 
reproducing the structure of the vibrational levels of the excited 
molecules. 

Oldenberg observed the fluorescence excited at room temperature 
by the nonre versed Hg resonance line in mercury vapor to which rare 
gases (He, Ne, A, Kr, and Xe) of pressures up to one atmosphere were 
added, so that three-body collisions had a sufficient probability. In 
addition to the two “collision lines” on the short-wavelength side 
of the resonance line, which have been mentioned above, Oldenberg, 
in these experiments, obtained the emission of bands on the long- 
wavelength side of the resonance line. They appeared to be continuous 
in the case of helium and xenon and showed only traces of fluctuations 
*with neon, but with argon and krypton they were resolved into a 
series of maxima converging in the direction of greater wavelengths : 
a first sequence of maxima stretches from 2541.7 to 2549A, and from 
2541.1 to 2548. 5A, respectively, and in both cases weaker and more 
closely spaced bands follow, reaching to 2554A for argon and to 2557A 
for krypton. At high mercury pressures these bands are also obtained 
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in the absorption spectra of the mixed vapors, but under conditions 
prevailing in 01den]>erg’s fluorescence experiments the mercury vapor 
pressure was low and the light absorption could occur only in normal 
mercury atoms {84gji66ji6g). 


J. Luminescence of Diatomic Metal Molecules That Are 
Stable Only in Excited States 

76. Fluorescence Bands of Hgg* The emission of various fluo- 
rescence bands by pure mercury vapor has been known for a long time 
and has been the subject of a large number of publications ; the most 
important of these are due to the younger Lord Rayleigh. Similar 
fluorescence bands have been observed in the vapors of cadmium and 
zinc and in mixtures of these vapors. Contrary to the processes dealt 
with in the preceding sections, the bands which are under consider- 
ation here are, in general, not produced by absorption of the resonance 
line of the metal but by irradiation of the vapor with light belonging to 
other spectral regions. Furthermore, some of the bands occur in the 
absorption spectrum under the same experimental conditions under 
which the fluorescence is obtained. 

Table 44 shows spectral location, type, and occurrence or non- 
occurrence in the absorption spectrum for all fluorescence bands whicli 
have been observed in Hg-vapor. An almost complete interpretation 
of their production and their complicated dependence on temperature 
and pressure has become possible on the basis of the potential-curve 
diagram reproduced in Figure 81.* The “dissociation products” in the 
second row of Table 44 can also be derived from the diagram {8 41, 
Sgya, 1065,1068,1073, 1345-134^^735) • 

Aside from the weak polarization forces which cause a very shallow 
minimum at a relatively large internuclear distance in the potential 
curve, only repulsive forces exist between two unexcited mercury 
atoms. The heat of dissociation of the “van der Waals molecules” 
bound by the polarization forces is of the order of only 0.06 eV and 
these molecules are, therefore, very unstable even at room tempera* 
ture {yg8,io66). However, at the relatively high vapor pressures 

* Bands which have been observed only in the absorj^tion spectrum and do 
not seem to be related to the excitation of fluorescence are not mentioned in the 
table, but some of them are indicated in Figure 81, Concerning the designations 
used in the figure and their theoretical foundation, the original papers by 
Mro 2 owski and others must be consulted. 
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between several mm and one atmosphere at which the fluorescence 
bands arc observed, t)ie actual distance between many atoms is not 



Fig. 81 . Potential curves of Hgg (Mrozowski). 

greater, or is even smaller, than the internuclear distance in the van 
der Waals molecules. On the other hand, mercury atoms in the excited 
states 6 ^Pi, 7^Si, etc., are able to form stable genuine mole- 

cules with unexcited mercury atoms. The heat of dissociation of these 
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molecules in some cases exceeds 1 eV, and their vibrational and 
rotational energies are completely quantized. If the distance between 
two unexcited atoms is sutficiently small, they can be raised by ab- 
sorption of liglit, in accordance with the F.C. principle, to one of the 
potential curves representing a stable molecular state, from which 
the emission of fluorescence subsequently originates. 

The mercury bands li.sted in Table 44 can be divided into three 
groups: (j) the narrow bands (c),/, andg at (3650),* 2540, and2345A, 
repectively; they are closely connected with t]ie electronic transitions 
in the normal atoms and are ascribed to transitions between van der 
Waals molecules in th(^ ground state and in higher electronics states. 
( 2 ) Long sequences of typical fluctuations (bands c, d, and h) which 
can correspond only to transitions from excited molecular states to the 
nearly horizontal branch of the lower potcaitial curve N, Even when 
excited with monochromatic light of different wavelengths, in general 
the whole sequence of fluctuations is emitted, because the same averages 
distribution over the various vibrational levels of the excited state is 
produced by collisions, (j) Broad bands without any structure which 
probably also originate from excited stable molecules, but which 
correspond to transitions onto a part of the lower potential curve 
where its slope is already relatively steep. At moderate temperatures 
and vapor pressures these bands (and also band h) are missing in the 
absorption spectrum, because the relative thermal energies of the 
unexcited atoms are practically never so large that tliey can approach 
each other sufficiently closely (see Figure 81). Jiowever, in mercury 
vapor of high pressure (about one atmosphere), light of all wavelengths 
between 3750A and the far u.v. is completely absorbed and it is not 
possible to decide how much the individual processes contribute to the 
total absorption. 

Since the possible transitions are very numerous and the energy 
diflerenccs between the individual potential curves are small, ab- 
sorption bands caused by transitions between the ground sfate and 
various excited states will frequently overlap, so that two emission 
processes can be excited by primary light of one wavelength. If two 
such absorption processes originate from different parts of the po- 
tential curve N, the corresponding emission bands may show an 
unequal dependence on- temperature and vapor pressure. On the other 
hand, an emission process may not originate at all from the directly 
excited electronic state, because the molecule is transferred into 

* This so-called band at 3650A is, according to Mrozowski's latest publi- 
cation, not a separate band but rather the short-wavelength edge of band c or d. 
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another potential curv’e before the emission occurs. If this is a repulsion 
curve, the molecules dissociate into atoms, some of them being in the 
mctastable states these can later recombine with other 

atoms to from some sort of excited molecules. Finally, the formation 
of such molecules can also follow the primary production of excited 
atoms by the absorption of the resonance line. 


Tabliv 44 

Fluorescence Bands of Mercury Vapor 


Band designation 

a 

b 

c 

d 

1 

^ i 

f 

S 

h 

i 

Products of 
dissociation 





? 

63Pl 


6iPi 

6iPi 

Wavelengths 
of band (A) 

5500- 

3500* 

3950- 

3020t 

3020- 

2760 

' 2930- 
2760 

2650 

2540 

2345 

2345- 

2100 

1 2000- 
1810 

Type of band 

cont § 

cont 

fl" 

fl 

nar- 

row 

nar- 

row^l^ 

nar- 

row 

fl 

cont • 

Occurs in 
absorption 


— 

— 

+ 

1 

+ 

-f 

' + 

+ 

+ 

Corresponding 
atomic line 

2656 

2537 

2537 

2537 

2270 

2537 

2270 

1849 

1849 

Excitation 

bands 

i, h, d, 
to 3450 

C, IF 
to 3360 

c** 

w** 

f.c 

f.c 

L C 

2, h 

i 


* Maximum at 4850. f Maximum at 3380. [ Sec footnote, page 226. § cont 
-- continuous. " fi fluctuation bands, if/j Possibly with some structure. 
** C and W ~ “core and wing excitation," according to Lord Rayleigh’s 
nomenclature (see Section 77). 

77. Some Properties of the Individual Hg<>-Bands. The band 
designations in the first row of Table 44 correspond to those used in 
Figure 82. The last row shows that most of the fluorescence bands can 
be excited by light absorption in more than one of the absorption 
bands. It seems almost certain for instance, that at least four primary 
processes must be considered for the excitation of band with a 
maximum of intensity at 4850A. The band is excited at a vapor 
pressure of 600 mm (320° C) by light of wavelengths up to 3200A and 
at pressures above one atmosphere, even by light of 3450A. It cannot 
be ascertained which of the original excitation regions has spread so 
far under these conditions. C and W, which are also mentioned in 
Table 44 as exciting band a, stand for Lord Rayleigh’s “core” and 
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‘‘wing” excitation, respect h'(‘ly. 'Jlu* former is used for excitation by 
the almost nonreversed “core'’ of the Hg resonance line, whiJe tlH‘ 
latter designates t^xcitation by the strongly self-reversed resonance 
line or by lines adjoining this line in the direction of greater wave- 
lengths { 134 ^) • 

The excitation spectrum of the continuum h, with maximum at 
3380A, coincides very closely with that of band a. However, according 
to Rayleigh, the relati\'e intensities of a and b depend very much on 
the vapor pressure and the temperalun'. W'ith wing excitation, as 


Vo V, V 2 Vo 



Fig, 82 . The fluorescence bands of Hgg, Cdg, and Ziig (Mrozowski). 


well as with core excitation, the green band a prevails at pressures 
above 20 mm; at presvsures below 5 mm the u.v. band h is the stronger 
one. Since neither occurs in the absorption spectrum at these pressures, 
the change in relative intensities cannot be due to reabsorption. On 
overheating the vapor at a constant pressure of 60 mm, the intensity 
of band h increases steadily, while band a vanishes completely. 
Mrozowski explains this behavior by assuming that an increase of the 
number of collisions between Hg-molecules, due to higher temperature 
or higher pressure, increases the probability of a transfer from the long- 
lived metastable state to the state and thus favors the 

emission of band h in comparison with a. 

The emission of the narrow band g is not only caused by excitation 
with light of A ^ 1850A, but also by core excitation ; in the latter case, 
g is followed by a further number of narrow bands at 2338, 2334, and 
2330A which overlap band h but apparently do not belong to this 
system. 
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The fluctuation band h itself (2345 to 2100A)* overlaj)s a series 
of similar absorption bands reaching from 1849 to about 2260 A and 
corresponding to the same electronic transition. The light ab- 
sorption in these bands excites the emission of band h, which consists 
of a long s(',quence of hiaxima, and minima. The spacing of the fluctu- 
ations is about 600 cm~i near the band head at 2300A, but decreases 
to 150 cm~^ at 2100A. The intensity distribution within the band and 
the exact location of the individual maxima depend on the wavelength 
of the primary light: the shorter the latter, the farther the emission 
band stretches in the direction of greater wavelengths. f In this 
respect, the vSteubing bands differ from all other Hg fluorescence 
bands. According to Mrozowski, this is due to the fact that the various 
levels from which the individual fluctuation maxima originate corre- 
spond to different rotational (quantum numbers and not to different 
values of v' . The J's are much less affected by collisions than the 7 /s. 
As shown in hdgure 81 , the wavekmgth of the light absorbed in band h 
is the greater, the smaller the interatomic distance at the moment of 
absorption, or the greater the relative energy of the two atoms before 
the collision. Therefore, the average angular momentum with respect 
to the common center of gravity and the ensuing rotational energy of 
excited molecule are the larger, the greater the wavelength of the 
exciting light {1073,1572). 

. The band i adjacent to the singlet resonance line 1849A 
A/Sq) is excited by light of wavelengths below 2000A. If the primar}^ 
radiation consists of monochromatic lines - for instance, the alumi- 
num lines 1854, 1882, 1935, and 1990A - - these lines themselves 
apjxiar with great intensity, superimposed on the continuous band 
in the fluorescence spectrum. The same phenomenon was first ob- 
served by Kapuscinski in the fluorescence of cadmium vapor and is 
treated in more detail in Section 81. 

7die two fluctiation bands c and d originally were called wing and 
core bands by Lord Rayleigh because he obtained the one by wing, the 
other by core excitation {1347). Both consist of long series of fluctu- 
ations with a spacing which decreases towards smaller wavelengths ; in 
band c the distance between adjoining maxima is about 160 cm”^ at 
2900A and about 100 cm~^ at 2780A. In spite of the differences in 

* The fluorescence band h and the correlated absorption band was first 
observed by Steiibing and is, therefore, frequentl> called the “Steubing band." 

t The narrow band g, which is also strongly excited by light of wavelengths 
below' 2000A, remains unaffected by these changes and is thus proved to be 
independent of the band system h. 
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location and spacing observed by Rayleigh in the two bands, they are 
so similar that it seems plausible to ascribe them to the same electronic 
transition. On the average, the spacing is slightly larger in band r, 
but also less regular, so that it may rather correspond to a super- 
position of several series. It is not improbable that c and d differ only 
by the amount of rotational energy which has been imparted to the 
molecules in the process of formation. This might be the reason why 
only one of them [d) is observed also in the absorption spectrum of the 
vapor. On the other hand, band c can be excited by an electric dis- 
charge through mercury vapor. 

All processes of excitation listed in Table 42 lead directly to the 
formation of diatomic mercury molecules, with the sole exception, 
perhaps, of “core excitation,” which Lord Rayleigh is inclined to 
ascribe to absorption by unperturbed normal Hg-atoms. However, 
experiments which will be described in Section 81 make it more 
probable that this so-called core absorption takes place in van der 
Waals molecules {io 68 ,iij 2 j 2 g 6 ). 

The intensity of all mercury absorption bands of greater wave- 
lengths increases with the square of the vapor pressure, in agreement 
with the assumption that two atoms participate in every absorption 
process. (Some deviations from this law have been reported by 
Mrozo wski) . 

78. Lifetime of the Bands and Their Sensitivity to Collisions. Xlie 
band fluorescence of mercury vapor is characterized by a distinctive 
property: some of the bands exhibit a very appreciable afterglow. 
From the point where the luminescence is excited, it is carried along 
by streaming mercury vapor over relatively large distances. Phillips 
was the first to observe the phenomenon, which has since been investi- 
gated frequently. In Phillips’ experimental arrangement, the length 
of the luminous column was 50 cm; the rate of flow could be dc- 
terrnined from the temperature gradient along the tube and, thus, 
the duration of the afterglow was calculated to be about 10 sec { 1231 ). 
The afterglow can be produced by wing and core excitation and by 
irradiation of the vapor with the short-wavelength u.v. from an 
aluminum spark. The emission spectrum consists mainly of the bands 
a and b and the narrow band /; the other bands have never been 
mentioned in this connection. Lifetimes of that order can be explained 
only by assuming that metastable systems participate in the process : 
either the excited molecules themselves are partially in metastable 
states, as may be expected for configurations derived from atoms in 
the states 6 ^Pq and or metastable atoms are produced by the 
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intermediate reactions which occur in most of the excitation processes. 
I'hc production of met^Lstable Hg-atoms at the point where' band 
fluorescence is excited by the absorption of light of wavelength 2540 A. 
(band /) has been proved by Rayleigh; under these conditions of 
excitation, it was possible to obtain the emission of the higher atomic 
series lines by ‘‘stepwise excitation” and, furthermore, the emission 
of the “forbidden lines” 2656A -> and 2270A (6''*/^ -> bAS^). 

This is the only instance in which the sc^cond of these lines has ever 
been observed in fluorescence; even in this case its intensity was very 
weak. If the band fluorescence is excited by light of wavelength 
2850A (band d), no metastable atoms are found in the vapor (jj^6a, 
1347)- 

On the otlier hand, the atomic resonance line 2537A occurs 
wherever the band fluorescence is excited by light of wavelengths 
< 2537A, and even as anti-Stokes fluorescence, if the primary ra- 
diation corresponds to the band / (2540A)*, but not on excitation by 
light of still greater wavelengths. If the band fluorescence is excited by 
the light from an aluminum spark, the resonance line is “carried 
along” by the vapor as far as the green band a \ with core excitation 
this occurs only at low pressure (about 2 mm) and over relatively short 
distances. However, under these conditions the spectrum of the after- 
glow contains several other atomic lines of low intensity originating 
from higher electronic states (e.g., and 7kSo, compare Figure 15) ; 
these lines could not be excited “stepwise” by light absorption, but 
only by collisions, since the corresponding lines were not present in the 
spectrum of the primary radiation. If mercury vapor at atmospheric 
pressure is irradiated with the light from an aluminum spark, the 
visible mercury triplet is also emitted in addition to the bands g and 

/ {1348)- 

Wood made the observation that a dark space occasionally 
seemed to intervene in a mcrcury-vapor jet between tlie point of 
excitation and the beginning of the visible afterglow {1884). According 
to Rayleigh, who investigated this phenomenon extensively, the dark 
space is most pronounced if the fluorescence is excited by light of 
wavelengths below 2000A; it is less obvious with wing excitation and 
completely absent with core excitation. A similar dark interval has 
never been found in the emission of the continuum h and the other 
bands listed in Table 44. Both duration of the afterglow and the ex- 
istence of the dark interval have been ascertained by Wood by 

* The resonance line is missing at higher vapor pressures because of 
reabsorption, if the fluorescence originates from the interior of the vapor. 
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phosphoroscopic metliods. A slow increase of the fluorescence intensity 
after the irradiation period can be understoodLif the excited state is not 
reached directly by the excitation process and if at least one of the 
intermediate states into which the molecule is transferred after the 
absorption of light is metastable. Under these circumstances, the 
conditions (as Kapuscinski has pointed out) are analogous to the 
production of a radioactive element from a parent substances, if several 
intermediate elements of not too short lifetimes are formed in the 
process. If some of the intermediate states are sufficiently long lived, 
the initial growth of the final product can be so slow that a genuine 
dark interval may seem to exist. The actual occurence of a perfectly 
“dark” interval can Hardly be explained on the basis of any theory 
(716,1233,1348). 

It has already been mentioned that for most of the mechanisms 
under consideration, several collision processes must intervene between 
the absorption and the emission of light. Relatively large deviations 
from Stokes’ law are not infrequent, as, for instance, the core exci- 
tation of band g (energy deficit AE = 0.4 eV), the excitation of the 
complete band b (3950--3020A) by light of A = 3450A (^^ < 0.3 eV), 
and the core excitation of the higher atomic lines, 'fhe thermal imergy 
is not sufficient to vsupply these “deficiencies” and it must be assumed 
that two or more primarily excited molecules or atoms partake in the 
collision processes. 

The sensitivity of the fluorescence bands to quenching or en- 
hancing collisions, particularly with hydrogen or nitrogen molecules, 
is closely connected with the lifetimes of the excited states. The 
influence of collisions is very weak for the bands near 1849A, which do 
not occur in the afterglow and probably have a very short lifetime. 
The other short-wavelength band h is also little affected by the ad- 
dition of foreign gases; nitrogen has a rather greater quenching effi- 
ciency than other gases, while the fluctuations retain their normal 
structure and intensity distribution. On the other hand, the bands 
g and / are considerably weakened by the presence of hydrogen, the 
Hg half-value pressure being about 25 mm. On addition of nitrogen, 
the band g disappears completely and simultaneously the green band a 
is greatly enhanced. Probably both phenomena are caused by the well- 
known transfer of mercury atoms from the state into by 
collisions with nitrogen molecules.* Even in mercury vapor saturated 

* If it is correct that the intensity of the band 6 is also increased to some 
extent by addition of N^, it must be explained by secondary transitions from 

into 
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at room temperature [p ™ 10 “ 'Mnm) to which nitrogen of atmospheric 
pressure has been added, the emission of the visible fluorescence band 
is excited by irradiation with the resonance line with considerable 
intensity. Under these conditions, the only possible process is the 
transfer of the excited B^P^-atoms into the metastable state and sub- 
sequently, probably in a three-body collision, the combination of the 
rnetastable atom with another mercury atom to form excited Hgo- 
molecule. It is plausible to assume that analogous processes occur 
also in mercury vapor of high pressure in the absence of nitrogen 
{1073,1347). 

The green fluorescence band is exceedingly sensitive to quenching 
by hydrogen; according to Pringsheim and Terenin, it is completely 
destroyed by hydrogen at a few thousandths of a millimeter. This 
observation provided the explanation of a phenomenon which, for a, 
time, was the source of rather strange speculations. In certains ex- 
periments the green bund failed to appear in the fluorescence spectrum 
of stagnant mercury vapor, while it reappeared as soon as a tempera- 
ture gradient which caused the mercury to distill from one end of 
the tube to the other was established in the observation chamber. 
Apparently, traces of Ho were present and were “pumped'' by the dis- 
tilling vapor to the cooler end of the tube. Wood and Voss also 
eventually interpreted their puzzling results by this assumption. 
According to Winans, the same interpretation cannot be applied, 
however, to a similar phenomenon observed in a mixture of mercury 
and zinc vapors, which will be mentioned in the last paragraph of 
Section 80 {i2gg,i847,igi4). 

Lord Rayleigh confirmed Pringsheim’s and Terenin’s results in 
the case of “core excitation” of the green band, while he found the 
visible fluorescence to be not noticeably weakened even at hydrogen 
pressures of several mm when “wang excitation” was used. This 
discrepancy has not yet been cleared up in a satisfactory manner. 
According to Section 38 a strong quenching by hydrogen should always 
be expected if metastable systems of an electronic energy near 4.5 eV 
are formed in the process of excitation. It is not surprising, therefore, 
that the green fluorescence is not quenched by hydrogen wLen it is 
excited by absorption of light in the band d or even b}^ light of 
A > 3000 A (i2gg,i347). 

The long-wavelength bands a and b which are distinguished by 
their long lasting afterglow, and apparently, also, the fluctuation bands 
c and d, are always completely depolarized, even if they are excited by 
plane-polarized light. If the molecules are formed by the combination 
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of an excited and an unexcited atom, it is impossible that any pre- 
ferential orientation of the primary electronic oscillator survives this 
process. Long life of the excited states is, of course, also apt to destroy 
an originally existing polarization. On the other hand, the fluctuation 
band h and the narrow band / are partially polarized if excited by 
absorption of short -wavelength u.v. (A < 2000A). If the fluorescence is 
observed in the direction perpendicular to the unpolarized primary 
radiation, the degree of polarization />„ of either band is about 5 %, 
corresponding to pp — 9.6 %. The molecules emitting these bands are 
formed directly in the absorption process, and, since they are relatively 
short lived, they undergo only a small number of collisions during their 
lifetime. As stated in vSection 73, the orientation of the molecular axes, 
which is determined by the absorption process, is not completely 
destroyed by a moderate number of collisions {ioyy,io 82 ,igjo). 

The polarization and intensity of the Hgg fluorescence bands is 
not appreciably influenced by magnetic fields. An apparent weakening 
of the green band, when it is excited by the mercury resonance line, 
is, according to Mrozowski, a secondary effect; it is caused by the 
‘‘magnetic filtering” of the primary radiation by the vapor layer 
adjacent to the walls of the vessel (sec Section 9) (io8o). 

79 . Sensitized Fluorescence Induced by Hgo-Molecules. It has been 
pointed out in Section 40 that, if sensitized fluorescence is excited in 
mercury vapor of high pressure, Hgg-molecules may play a part in the 
process. 'J'liis has been proved with certainty by Mrozowski: he 
irradiated a mixture of mercury and thallium vapor with lines from 
aluminum or zinc sparks, which are not absorbed by mercury or 
thallium atoms, but only by Jlgg- molecules. At temperatures above 
275° C, he obtained the two thallium lines 5350 and 377GA in the 
fluorescence spectrum; the intensity of the lines increased continu- 
ously with increasing temperature up to 800° C, and additional lines 
originating from higher excited states of thallium appeared at the 
same time. This is caused only to a small degree by the higher thermal 
energy available; in tlie main, it is due to the greater density of the 
thallium vapor, which enhances the probability of collisions between 
thallium atoms and Hgg-molecules in highly excited states before these 
lose a part of their energy by collisions with other Hga-molecules or 
I-Ig-atoms. 

Under these conditions, the relative intensities of the various 
thallium lines are widely different from the intensity distribution in 
the sensitized thallium fluorescence excited by the mercury resonance 
line in mercury vapor of low pressure. The difference is explained by 
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the absence of the '‘energy resonance” which is known to play an 
important part in the energy transfer from Hg -atoms to other 
metal atoms (compare Section 40). 

The fluorcvscencc emission of the Hgg-bands themselves is also 
affected to a certain degree by the presence of thallium vapor. In con- 
trast to the results obtained in pure mercury vapor, the green band a 
remains stronger than the u.v. band h at temperatures up to 500” C, 
even if the vapor is overheated. Probably the Hgg-molecules in high 
vibrational levels of the state *4^0~, which in the absence of thallium 
atoms would be transferred by collisions into the state .4^1„ (origin of 
band ft), transmit their energy with greater efficiency to thallium 
atoms because of energy resonance with the thallium term 
The band a vanishes and is replaced by a narrow band at 4550A only 
if the temperature is raised above 500” C. The origin of this band is 
uncertain; it should perhaps be ascribed to a HgTl-molecule. (Con- 
cerning the occurence of HgTl-bands, see next section). In Mrozowski’s 
experiments the spectrum of the sensitized fluorescence also contained 
the cadmium line 3261 A; apparently the thallium sample was con- 
taminated with traces of cadmium [loygh). 

80. Fluorescence Bands of Cd2, Zn29 and of Mixtures of Various 
Metal Vapors. After the detailed treatment of the band fluorescence of 
Hgg- vapor, similar phenomena in the vapors of cadmium and zinc can 
be dealt with more briefly, inasmuch as the experimental data are 
much scantier; most of them are due to Jablonski, Kapuscinski, and 
their collaborators. 

The potential curves for Cdg and Zng can be assumed to be 
essentially the same as those of Hgg reproduced in Figure 81 . The bands 
which have been observed are drawn schematically for the three 
vapors in Figure 82, after a representation given by Mrozowski. As 
far as possible, the designations of the bands correspond to those used 
for Hg 2 in Table 44 and in Figure 81. The absorption bands of the 
vapors again coincide, in general, with the bands in the fluorescence 
spectra, but again the long-wavelength bands which extend partially 
into the visible region are missing in the absorf)tion spectrum {h and 
c in Figure 82) [242,244,657,710,712,715,717,1070,1076,1262,1601, 

^ 734 )’ 

The structure of the Cdg-band h (2627-3050A) depends on the 
wavelength of the incident light, as in the case of the analogous Hgg- 
band furthermore, the location of the individual fluctuation maxima 
is strongly influenced by the temperature. The spacing of the maxima 
corresponds to 460 cm~^ at the long-wavelength end of the band and 
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decreases to 80 cni"^ at the short -wavelength end. In the overlapping 
region between 2640 and 2820A, the maxima in the fliion^scence 
spectrum coincide almost exactly with the fluctuations in the ab- 
sorption spectrum. 

If the fluorescence is excited by the strong magnesium-line group 
between 2803 and 2936A, the short -wa\'e part of the emission band is 
missing and the fluorescence spectrum consists only of seven fluctu- 
ation maxima between 2800 and 3000A. If, on the other hand, the 
fluorescence is excited by monochromatic lines of the spectral region, 
where the absorption and the emission bands overlap, the fluorescence 
spectrum shows a very pronounced and narrow maximum of intensity 
at the wavelength of the exciting line, almost as in a resonance re- 
emission. lender these conditions, the fluctuations are restricted to the 
“Stokes part” of the band h, while the “anti-Stokes part” is continu- 
ous and does not reach far beyond the exciting line (7x5). 

The fluorescence of the Cd2-band k, which has no known analogue 
in the Hgg-spectrum, can be excited only by light of A ^ 2114A. In 
the fluctuation bands c and d, which were obtained by irradiating the 
vapor with the light from a Cd-spark, the wavelengths of thirty-three 
maxima were measured by Kotecki in the spectral region between 
4290 and 2633 A with a spacing decreasing from 236 to 81 cm“^. 
Irradiation with light of wavelengths below 2290A causes the emission 
of the visible band h. Kapuscinski proved, by means of a rotating 
mirror phosphoroscojx.', that this band shows an afterglow of about 
10~^ sec and a period of growth ~ 10”^ sec. In this respect, the band 
is analogous rather to band a than to band h of Hgg. The lifetime of 
the other Cd.2-bands is very much shorter {y 14,^16, 812, 813). 

The fluorescence bands of Zug are less easily observed; their 
intensity is ahvays knv and they are very sensitive to small traces of 
impurities. Their spectral location is shown in Figure 82. In the short- 
wavelength part between 2456 and S073A, twenty-three fluctuation 
maxima could be identified ; the intervals between them decrease (at 
an even greater rate than in the other vapors) from 700 cm~^ at 3000A 
to 200 cm~^ at 2450A. The phenomenon of “line re-emission” has 
been observed also in these bands. 

The similarity between the Hg2-bands on one side and the Cdg 
and Zn2-bands on the other, also prevails with regard to their polari- 
zation. The visible Cdg and Zng-bands are always unpolarized. The 
degree of polarization of the band h of Cdg is 5.5 %, if the fluorescence 
is excited by unpolarized light, and 1 1 % if the primary radiation is 
plane polarized. The polarization is very little influenced by the vapor 
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pressure. In consideration of a question occurring in the next section, 
it is important that the ‘‘n-cmitted lines” in the Cda-band h are 
polarized to exactly the same degnx^ as tlie underlying iluctuations. 
The degree of polarization of the Zn 2 -band h is even supposed to be 
appreciably higher (14.v3 %) tlian in the other instanc(\s, but this result 
may be due to errors in the* rather difficult measunuTuaits [iis8jS4i)- 

If the fluorescence of cadmium and zinc vapor is excited by sliort- 
wave u.v. at sufficiently great vapor densities, the sp(‘ctra contain a 
considerable number of atomic lines in addition to the molecular 
bands, some of them originating from higher excited levels. Stepwise^ 
excitation is out of the question also in this case if the primary 
radiation is produced by sparks between iron or aluminum electrodes. 
The intensities of some of the lines, e.g., the triphd of 

Cd, or the triplets ~> 1,2 1.2 ‘ire pro- 

portional to the square of the intensity of the primary light, while the 
intensity of the resonance lines of Cd and Zn, respectively, and that 
of some of the other liiu^s is proportional to the ])rimary intensity’ 
itself. The contribution of two excit<Hl molecules is needed for the 
production of the high atomic excitation states, while one excited 
molecule, in addition to the available thermed energy, suffices for 
exciting the lower states ; when this is no longer the case at decreasing 
temperatures, the ratio between the primary and the secondary in- 
tensities, instead of bcang linear, tends to become quadratic even for 
the resonance lines {i 84 y). 

In a mixture of cadmium and zinc vapors, a fluorescence band has 
been observed which belongs neither to the Cd 2 nor to the Zug band 
systems. It is excited by light of wavelengths between 2150 and 2300A 
and can be ascribed only to a CdZn~molecule (1544). 

The fluorescence spectrum of a mixture of mercury and thallium 
vapors excited by the Hg-line 2537A contains, between 6580 and 
4296 A, four groups of bands showing fine structure. Since Winans and 
Davis obtained these bands with a mercury vapor pressure of the order 
of 100 mm and a very considerable thallium pressure, each of the 
following four processes may be responsible for their emission: a 
direct excitation of HgTl-molcculcs which are present in the vapor; 
fluorescence of such molecules sensitized by light absorption in Hg- 
atoms or Hg 2 -molecules ; formation of excited HgTl-molecules by 
light absorption in pairs of normal Hg and Tl-atoms during a col- 
lision ; formation of excited HgTl-molccules by three-body collisions 
between normal Tl-atoms and excited Hg-atoms. The fact that the 
same bands are produced by an electric discharge through a mixture 



238 


DIATOMIC GASES AND VAPORS 


of mercury and thallium vapors seems to be rather in favor of the 
first assumption (iS^i). 

In mixtures of mercury and indium vapors and of mercury and 
zinc vapors, bands apparently originating from Hgin and HgZn- 
molecules occur in the absorption spectra. No corresponding fluo- 
rescence bands were observed, however, in addition to the fluorescence 
lines of atomic indium and zinc. Since this atomic fluorescence is 
excited by all spark lines of wavelengths below 2000A, the excitation 
must be ascribed to light absorption by mixed molecules which 
subsequently dissociate into an excited and an unexcited atom. The 
zinc fluorescence lines (the triplet 4820, 4722, and 4688A) and the 
characteristic HgZn absorption bands below 1900A arc observed only 
in distilling mixed JIgZn-vapor. Winans states that one would not 
expect purification by distillation to introduce a new absorption band. 
However, the assumption that diatomic HgZn-molecules should be 
formed in distilling rather than in stagnant vapor can also hardly be 
accepted as valid, 'i'he most simple hypothesis would be that the zinc 
vapor pressure was increased by heating one part of the tube in whic:h 
the distillation was produced ( 1842 , 18 ^ j). 


K. Re-emission of Exciting Lines and Rayleigh Scattering 

81. Re-emission of Exciting Lines by Molecules. If the density 
of saturated sodium vapor is increased beyond the point at which the 
atomic resonance radiation contracts as “surface resonance” towards 
the wall of the observation chamber, and if the D-lines used for the 
excitation are broad or even slightly self-reversed, a well-defined 
“beam fluorescence” reappears along the path of the primary ra- 
diation in the interior of the vapor.* The intensity is weak at 250° C, 
but increases rapidly when the temperature is raised to 300° C. The 
phenomenon not only has the same outward appearance as the reso- 
nance radiation excited in sodium vapor of low pressure, but, when 
resolved by a spectrograph, the radiation seems to consist of the two 
normal D-lines. However, either the width of the lines must be a good 
deal greater than that of the resonance lines, or they must be slightly 
displaced in the spectrum — otherwise they would be completely 
reabsorbed by the intervening vapor and the beam fluorescence would 

♦ The phenomenon can also be produced, though with low efficiency, by 
the yellow part of a continuous spectrum. 
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be transformed into volume fluorescence. If the primary light is plane 
polarized, the Di-line is, as usual, unpolarized in this new fluorescence, 
while the J ) 2 -hne shows a degree of polarization of more tlian 30 % at 
2v50"' C and of 20 still, at 300° C. The norma J atomic resonance 
radiation is already completely depolarized at 200° C in saturated 
sodium vapor. Furthermore, the polarization of the fluorescenc(! is not 
noticeably affected by a magnetic fK^Id of 80 gauss with its lines of 
force parallel to the direction of observation. The polarization of the 
n'sonance radiation in sodium vaj)orof low pressure would 1)0 complete- 
Iv destroyed under these conditions {6y4). 

Similar obs<‘rvations have been made wlien mercury vapor at a 
pressure of 10 mm (saturated at 80° C) was irradiated with the light 
of a mercury lamp emitting a broad<med resonance line 2537A : a 
new “beam iluon'scence” reappeanal under t}i(\se conditions; its 
wavelength practically coincided with the wav('lengt}i of the resonance 
line, its polarization amounted to 22 "o, notwithstanding tlie high 
vapor pressure and the well-known depolarizing effect produced by 
atoms of the same kind, and the polarizati()n was not altered b\' a 
longitudinal magnetic field of 20 gauss in the direction of observation 
(compare Section 25) {i2g6). 

In both cases the fluorescence originates from very loosely bound 
diatomic molecules of the van der Waals type with energy levels 
which are only slightly different from those of the free atoms. The 
molecules must be sufficiently stable to survive tlu‘ average lifetime of 
the excited states, since the absorption, as well as the re-emission, of 
the lines must occur in one and the same molecule in order to produce 
the observT‘d polarization phenomena {84o,ioyy), 

The conditions are different if the lines which are re-emitted Eire 
not very nearly coincident with the atomic resonance lines but are 
absorbed by pairs of atoms in one of the processes described in 
Sections 76-80, by which excited diatomic molecules are formed. It 
has already been mentioned that the phenomenon was discovered by 
Kapuscinski in the Cda fluorescence band h between 2600 and 2900A. 
Subsequently, it has been investigated in more detail by several 
authors in the same band, in the Ilgg-bands i (1850-2000 A) and / 
(2540A), and in a band excited in thallium vapor adjoining the thal- 
lium resonance line 2768A towards greater wavelengths.* {381 jio, 

713,715)- 

In the resonance spectra of genuine diatomic molecules, the 

* It is obvious that reflection of the exciting light on the walls of the vessel 
or elsewhere was carefully avoided in these experiments. 
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exciting line (Wood’s i?-line) is not distingaished by an outstanding 
intensity from the other lines of the progression; the transition pro- 
babilities from the excited state to the vibrational levels of the ground 
state depend on the eigenfunctions by which these are characterized 
and which vary considerably in the distribution of their maxima with 
tlie values of ?/' (Figure 58). If, however, the ground stale N is re- 
presented by a repulsion curve, its eigenfunction has a strong maximum 
only at the turning point*; therefore, transitions from this point into 

an excited molecular state, or 
from the excited state to this 
point, have the greatest pro- 
liability. Before a collision oc- 
curs, two atoms have a certain 
relative kinetic energy whicli 
enables them to approacli each 
otlier to a certain distance (to 
the turning point a in Figure 
83). At this point the jiair can 
absorb a line of the frequency 
corresp)onding to the transition 
A according to the F.C. prin- 
ciple. The same line is re- 
emitted with greatest intensity 
by the vibrating stable molecule 
in state F, The emission of 
the second line corresponding to the transition A ' in Figure 83 has 
never been observed under these conditions (J97). 

If the excited state also corresponds to a repulsion curve (curve R 
in Figure 83), the absorption and re-emis.sion of a line due to the 
transition B of Figure 83 is no longer a molecular fluorescence, but a 
perturbed atomic fluorescence, as explained in Section 36. 

82. Rayleigh Scattering. It may seem to be questionable whether 
the observations described in the last section could not be interpreted 
by a mechanism pf a different kind : instead of being part of a mole- 
cular fluorescence, the re-emission of the incident lines might be due to 
classical scattering by atoms; it would not be due to the strong 
emission by relatively few excited molecules, but to the forced vi- 
brations induced in normal atoms. The amplitudes of these vibrations 

* In the language of the classical theory, this corresponds to the fact that 
the colliding molecules remain longest at the point of their closest approach, 
where their relative velocity becomes zero. 



Fig. 83. Potential curves and eigen- 
functions of molecules formed in a 
collision process [Finkelnburg 
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remain small if the frequency of the scattered light differs appreciably 
from the resonance frequency of the atoms; on the other hand, the 
number of the atoms is exceedingly large in comparison to that of the 
(‘xcited molecules. 

l^ayleigh scattering must occur under all circumstances. 'J'he only 
(juestion is whether its intensity is suthciimt to (explain the plienomena 
completely, or whether it is at least capable of providing a considerable 
contrilnition. The answer to both questions is negative for the re- 
emission of the I)-lines and the mercury resonance lim^ by sodium or 
mercury vapor of great density. The luminous intensity of the D-line 
r(‘-emission is quenched by the addition of nitrogen to the sodium 
\'apor as strongly as the normal sodium resonanct* radiation, whereas 
the intensity of scattered radiation would nut be influenced by the 
addition of a small amount of a foreign gas by whicli the shape of the 
absorption line is not appreciably affected. Furthermore, the duration 
of the emission process has been measured by means of a fluorometer 
and has been found to be of the same order of magnitude as that of the 
resonance radiation, while a scattering process would be “instan- 
taneous” or, at least, much shorter than 10"® sec. Similar experiments 
concerning the re-emission of the mercur\' line 2537x\ lead to the 
conclusion that in either case the contribution of Rayleigh scattering 
is relatively very small and molecular fluorescence alone is to be 
taken into account. 

Landsberg and Mandelstam have carried out very detailed 
quantitative investigations on the behavior of mercury vapor at a 
pressure of 123 mm (270° C) excited by the zinc line 2558A. They 
confirm the re-emission of the line superimposed on the fluorescence 
band /. The band and the line are considerlbly weakened by the 
addition of hydrogen, but, whereas the band is completely quenched 
at greater hydrogen pressures, the intensity of the line tends towards 
a limiting value amounting to about 25% of its maximum intensity. 
Imrthermore, this persistent radiation is polarized to almost 100%, 
while the degree of polarization of the radiation is relatively small in 
the absence of hydrogen. 

The intensity of the line, which is still observed at a hydrogen 
pressure of 400 mm, is in perfect agreement with the equation which 
is obtained by the classical theory for the light scattered by a gas of 
refractive index n and with a number Z of scattering atoms per cc: 

( 55 ) 

* The so-callcd depolarizing coefficient p which occurs in the complete 
equation for light scattering isequal to 1 within theaccuracy of the measurements. 
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As postulated by tlie equation, the observed intensity is proportional 
to the first power of the vapor density, while the intensity of the moJe- 
cular tiuorescence increases with the square of the density. 

'rhese joint data leave no doubt that the persistent part of the 
re-emission of the line 2558A by mercury vapor is actually du(‘ to 
l\ayleigh scattering [ 8 ^=ig, 86 o). 

Also in agreement with the theory, the scattered intensity of the 
zinc line 2502A, on the short -wavelength side of the rnercurt' reso- 
nance lin<^ is about 12^ times weaker when it is observed under 
identical experimental conditions. The value of the facter [n — 1)“ for 
mercury vapor at a pnessure of 123 mm is 6.8- 10 at wavelength 
25v58A, and only 0.55 • 10~^ at 2502A; in the same wavelength ran|:^e, 
the factor 1/A^ varies by not more than 8%. 

In this connection, a phenomenon which Wood observed at a 
mucli earlier date must be mentioned. I'he iron line 2535. 6A is reflected 
geometrically and without change of frequency at the boundary 
between mercury vapor of high pressun^ and the quartz window of the 
tube containing the vapor. The geometrical reflection was also ob- 
tained with the .short-wavelength half of a strongly self-revtu\sed 
mercury resonance line 2537A. Rump later succeeded in showing tliat 
this phenomenon can be followed with decreasing intensity down to 
much smaller vapor pressures at which a diffuse surface-resonance 
emission already becomes noticeable, and Schmettler proved that the 
regular reflection is not quenched by the addition of hydrogen wdiieli 
suppresses the resonance fluorescence. The only difference between the 
reflection and the scattering consists in the fact that regular inter- 
ference of the “scattered” secondary wavelets is caused by the greater 
density of the oscillators performing forced vibrations. The geometrical 
n*flection is restricted to light of wavelengths slightly shorter than that 
of the resonance line becau.se the difference between the refractivities 
of quartz and of the mercury vapor becomes large only in this spectral 
region on account of the existence of anomalous dispersion near the 
absorption line. It is of historic interest to note that Wood was led 
to the discovery of resonance radiation by looking for geometrical 
reflection by a vapor, which could be expected according to the laws 
of classical optics {igo,i 3 g 4 J 44 o,i 866 j 8 y 4 ,i 88 '/jgo 6 ). 

Landsberg and Mandelstam point out that the re-emission of 
lines mentioned in the preceding section can be partially due to 
Rayleigh scattering even in cases where the frequencies of the lines 
differ from the resonance frequencies of the absorbing vapors by 
much larger amounts. Equation (55) does not contain the difference 



RAYLEIGH SCATTERING 


243 


between the two frequencies, but the factor (n — 1)^, which is related 
only indirectly to the difference between the frequencies of the 
scattered line and the absorption line. For mercury vapor of 100 mm, 
this factor varies between 5. 1 and 4* 10"^ in the spectral region between 
2100 and 2164A, in which Faterson observed the re-emission of a 
number of lines (the Zn-lines 2100, 2139, and 2164A and the Cd-line 
2144A) and thus is of the same order of magnitude as for the line 
2558A. The re-emission of the aluminum lines below 1990A becomes 
noticeable at much lower vapor pressures; the refractive index of 
the vapor has not been determined in this instance, but it must 
be expected to be very large considering the close neighborhood of 
the mercury resonance line 1849A, which is about ten times stronger 
than the line 2537 A { 350433 ). 

It is not improbable that a part of the line re-emission in cadmium 
and thallium vapors is due to the scattering process which has been 
proved to be effective at least for some lines re-emitted by mercury 
vapor. In the main, however, the phenomenon is caused by molecular 
fluorescence even in the case of mercury vapor, as long as the fluo- 
rescence is not cpienched by the presence of hydrogen. In Cd-vapor, 
the contribution of scattering to the total re-emission must be still 
smaller if the observation concerning the equal polarization of the lines 
and the underlying bands is correct. 
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POLYATOMIC GASES AND VAPORS 
A. Types of Fluorescence Spectra and the Energy Relations 


83. Some Distinguishing Properties of Polyatomic Molecules. l’(ir 
many reasons the fluorescence spectra of polyatomic com])oimds an' 
much more complicated than the resonance spectra of diatomic 
molecules, and, accordingly, their intt'rpretation is much morti 
difficult. 

a. Instead of only one vibrational frequency, several frequencies 
and their possible combinations are superimposed on every elec- 
tronic frequency. Therefore, the sum of all possible transitions, even 
from a singles level of an excited staK' to the ground state, no longer 
corresponds to a progression of j^inglets or doublets, but to a sequenrt? 
of more or less complex band groups showing little regularity. 

b. Instead of a single principal axis of inertia, the molecule has 
three such axes and, therefore, three rotational frequencies, each 
with its separate rotational quantum numbers. Thc' rotational doublet 
itself is thus replaced by a group of lines; for asymmetrical molecules, 
a further complication is caused by the fact that the selection rule for 
J is not strictly valid. 

c. The electronic energy levels are, in general, more numerous and 
separated b}^ smaller intervals. In compounds consisting of several 
radicals, the electronic states of the individual components are often 
preserved almost unaltered and independent of each other. 

d. The possibility of a direct photodissociation is thc greater, the 
larger the number of components forming the molecule; simul- 
taneously, the number of possible predis.sociation processes increases. 
Therefore, continuous and diffuse bands without fine structure, in 
which light absorption produces no fluorescence,* are numerous in 
the absorption spectra of polyatomic molecules. The number of such 
molecules which have only continuous or diffuse absorption bands is 
very much larger than in the case of diatomic molecules. On the other 

* Fluorescence which may occur in one of the dissociation products 
originating from a photodissociation is, of course, not considered here, 
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hand, the emission of continuous fluorescence bands is caused, again 
by transitions from an excited state into a state represented by a 
repulsion curve. It is, however, often impossible to decide whether 
an absorption or emission band of a polyatomic molecule is genuinely 
continuous, or whether it only apj:>ears as continuous because its 
overlapping individual lines cannot be resolved. 

e. Bands showing fine structure occur in the absorption spectra 
of polyatomic molecules which are not excited to fluorescence by liglit 
absorption in these bands. If the absorption bands are relatively weak 
and the probability of the corresponding transition small (c.g., 1 /a^ 
~ n " 10"® sec), the light emission is practically suppressed by a 
competing radiationless process which has a probability ag with Tg == 
10“^ sec. This lifetime of the excited state corresponds to the same 
natural line width as that of a normal ‘‘allowed” atomic line. Even 
by shortening the lifetime to 10~^o sec, the lines are not broadened 
appreciably beyond their width caused by Doppler effect at room 
temperature. If and ag are of the same order of magnitude, fluo- 
rescence is observed with considerable intensity, although its yield 
is more or less reduced by the competing process. 

f. In diatomic molecules the only type of “competing radiation- 
less processes^ mentioned in paragraph (e) is predissociation. In 
polyatomic molecules “internal conversion” is even of greater im 
portance. The existence of a second competing process is proved by 
the fact that neither fluorescence nor photolysis is produced by ir- 
radiating certain compounds, such as crotonaldehydc, which has 
discontinuous and continuous absorption bands in the near u.v.; in 
many other cases, the total yield of fluorescence plus photodissociation 
remains far below 100%, so that the surplus energy must be lost by 
another process. As already stated under d, the vibrational and ro- 
tational levels of the electronic ground state and the excited state are 
frequently so tightly packed that a perfect energy resonance always 
exists between some high vibrational level of the ground state and a 
given level of the excited state. Because of the F.C. principle, this is, 
in general, by no means sufficient to allow a transition from one to the 
other. However, if a nuclear configuration which is common to both 
states can be attained, so that the transition can occur without 
changing the position and the momentum of the nuclei, then the 
transition can have a great probability. This means, in the representa- 
tion by polydimensional potential surfaces which, for polyatomic 
molecules, replace the simple potential curves, that the surfaces 
belonging to the ground state and the excited state, respectively, 
Pringsheim 9 
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must intersect or at least touch each other; or, making use of the 
simplified representation by two-dimensional “configuration coordi- 
nates” (compare Section 38): the transition can take place only at 
the intersection of the two curves A^and A (Figure 84). The probability 
of a passage from A into N depends chiefly on the av(Tage time S 
within which the excited molecule reaches ilu) crossing-point C in 
its motion along the curve A. When the molecule passes from A to N, 
the total excitation energy is transformed into vibrational energy of 
the ground state and is subsequently transferred by collisions to otlier 

molecules. Because of the part 
played by collisions in the* final 
dissipation of the energy, internal 
conversion is of special importance 
for condensed media. If this final 
dissipation by collisions or infrared 
radiation does not take place, the 
energy must remain in the mole- 
cule, which can thus eventually 
return into the excited electronic 
state { 414 J 145 ), 

g. The light al)sorption by a 
molecule occurs at a momemt at 
which its nuclei are in a certain for- 
tuitous configuration; the excited 
state reached from this configu- 
ration with greatest probability is 
determined by the Franck Condon 
principle. If the amplitude of one 
of the fundamental vibrations thus attained in the excited electronic 
state is large, due to its anharmonicity this vibration will be suf- 
ficiently coupled with the other fundamental vibrations of the mole- 
cule so that the repartition of energy between the various vibrational 
degrees of freedom varies constantly: the molecule performs a 
“Lissajous movement'" on the polydimensional potential surface. 
While a diatomic molecule is found most probably at a turning point 
of its excited oscillation, it may take a long time before a polyatomic 
molecule comes back to a given point of its potential surface, or 
before the same phase relation of all its fundamental oscillations is 
again attained simultaneously. If the return from many points of 
the ^‘Lissajous figure" in the excited state to corresponding nuclear 
configurations in the ground state is possible, the structure of the 



Fig. 84. Configuration potential 
curves for internal conversion. 
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emission band will be so complicated that it appears to be contiuoous 
and the exciting line, or a resonance series originating from this line, 
will not stand out on the continuous background. If, on the other 
hand, only one of the fundamental vibrations is strongly coupled 
with the electronic transition (in other words, if the strength of only 
one bond responsible for one of the vibrations differs widely in the 
two states) a considerable part of the oscillation energy may remain 
in the molecule when the electron returns to the ground state. This 
is another reason, not dependent on collisions but rather caused by 
a kind of internal conversion, why the fluorescence spectra of poly- 
atomic molecules do not overlap the absorption bands; the whole 
vibrational structure of the two spectra may, for this reason, also be 
considerably different. 

h. In diatomic vapors the quenching by induced predissociation 
becomes less effective if a part of the excited molecules is transferred 
into lower vibrational levels by the collisions; thus, the long-wave- 
length part of a fluorescence band can even be enhanced. In polyatomic 
molecules analogous ])rocesses occur witli much greater efficiency 
because, in general, the time elapsing before the “crossing-point” is 
reached is longer. If the fluorescence of a vapor at low pressure is very 
little excited by the absorption of light which produces almost ex- 
clusi\’ely predissociation or internal conversion, tlie total fluorescence 
yield can be increased many times by the addition of a foreign gas 
of atmospheric pressure. This “stabilizing effect” of collisions is again 
of special importance in liquid solutions where, very frequently, the; 
fluorescence of polyatomic molecules is excited by light of much shorter 
wavelengths than the fluorescence of the same compound in the vapor 
state { 1648 , 1745 ) > 

84. Stokes’ Law and the Selection Rules, prequently, the discon- 
tinuous absorption bands of polyatomic molecules wliich correspond to 
transitions into an excited state with quantized vibrational levels are 
relatively weak. Therefore, the vapor pressures must be high in order 
to pro\dde absorption of sufficient intensity: in many vapors, fluo- 
rescence cannot be observed at pressures below 50 to 100 mm. Under 
these conditions, an almost complete exchange of vibrational energy 
between the excited molecules and the molecules of the surrounding 
gas is unavoidable ; thus, the fluorescence does not originate from the 
vibrational level which has been directly reached by the absorption 
process, but from one of the lowest vibrational levels, or even from the 
nonvibrating state. For this reason, Stokes’ law seems to be obeyed in 
a stricter sense in almost all fluorescence spectra of polyatomic 
Pringsheim 9* 



248 


POLYATOMIC GASES AND VAPORS 


compounds than in those of diatomic molecules. The emission and 
absorption bands do not coincide over a large spectral region, but the 
former are shifted, as a whole, in the direction of greater wavelengths 
and overlap the absorption bands only slightly. The emission spectra 
consists essentially of the progression 0' -->-0", 1", 2'" . . ., and the ab- 
sorption spectra of the progression O', 1 2' . . . <- 0"; only the band 
0' :f± 0" is common to both. The fluorescence spectrum is practically 
independent of the wavelength of the exciting radiation. 

Only if the intensity of the fluorescence is still sufiicient for 
observation at low vapor pressures is the appearance of the emission 
spectrum essentially different: now, most of the emission bands 
originate from the higher \nbrational h'vel whicli, lias been din'ctly 
excited and, moreover, the sel<‘Ction rules are, in general, not the same 
for v' — 0 and for r' 0. 

According to the main principle governing the selection nil(?s, 
in a radiating transition between two states the symmetry properties 
of the eigenfunctions which characterize the various states of a 
polyatomic molecule must again remain unaltered with respect to the 
symmetry elements of the molecule (planes, axes, or centers of 
symmetry) . 

The nuclear vibrations of diatomic molecules are always parallel 
to the line joining the nuclei and do not affect the symmetry of the 
molecule. In fX)lyatomic molecules the vibrations are either symmetri- 
cal (with cfuantum numbers c,) or antisymrnetrical (witli quantum 
numbers instance, a molecule is planar, the plane of the 

molecule is a plane of symmetry, since the mirror image of the mole- 
cule reflected on this plane is the molecule itself. In the model of the 
formaldehyde molecule drawn in Figure 85, not only the plane XZ 
of the molecule, but also the plane XY are planes of symmetry. An 
o.scillation which is confined to the plane XZ is symmetrical with 
respect to this plane; the oscillation indicated in the figure by full 
arrows is also symmetrical with respect to XY and, thus, is “totally 
symmetrical (symmetrical with respect to all existing elements of 
symmetry). Any oscillation with a component parallel to the Y-axis 
is antisymrnetrical with respect to the plane XZ ; on the other hand, 
the oscillation lying in the plane XZ which is indicated by dotted 
arrows in Figure 85 is antisymrnetrical with respect to the 
plane XY. 

If a molecule is initially in a non vibrating state, only the value of 
Vg can be altered in an allowed electronic transition which by itself 
leaves the symmetry of the molecule unaffected, while all Ava. are 
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equal to 0. This follows clearly from the F.C. principle in its original 
form. If in the electronic transition the symmetry of the molecule as a 
whole is preserved, the positions of equilibrium of the individual 
atoms in the two electronics states can differ only insofar as the total 
symmetry of the molecule is not affected by such clianges. If the 
e([uilibrium positions of the various nuclei wen‘ displaced in hdgure 85 
along the dotted arrows, which represent 
an antisymmetric vibration, the symmetry 
of the molecule with respect to the plant; 

XY would be lost. On tlie other hand, a 
displacement of the equilibrium positions 
of the nuclei along tlu^ solid arrows would 
not alter the symmetry of the molecule. 

If, howevtT, vibrational le\Tls are already 
excited in the initial state of the molecules, 
can alter by an even number of quanta 
(J?’, “ 0, 2, 4 . . .) simultaneously with 
an allowed t'lectronic transition, since the 
(‘.igenfunctions of antisymmetrical vibrations are all symmetrical for 
even values of and antisymmetrical for odd values of v^. 

Because of these vselection rules, a monochromatically excited 
“resonance spectrum” may appear to be more complicated in certain 
respects than th<; fluorescence spectrum which is obtained under the 
same conditions of excitation, if all molecules are transferred into the 
non vibrating state by collisions before the emissions takes place. The 
individual bands contain more rotational lines in the second case, 
since new rotational levels are populated by the collisions, but only 
bands which correspond to a variation of the quantum numbers of the 
relatively few totally symmetrical oscillations appear in the fluo- 
rescence spectrum. The “resonance spectrum” contains, in addition 
to these, the numerous bands corresponding to — 2,4 . . . The 
spacings of the progressions caused by the variations of are twice 
as large as the fundamental vibrational frequencies. 

If the electronic transition is forbidden, because by itself it 
would alter the symmetry of the molecule, it becomes allowed, to 
a certain degree, if it is combined with a vibrational transition which 
by itself would also change the symmetry. In particular, “forbidden 
transitions” from a non vibrating initial state can occur, corresponding 
to Ava ~ 1, 3, 5 . . ., while the 0-0" band is missing. Accordingly, 
the absorption and the fluorescence bands do not overlap but are 
separated b}^ an interval. Considering the low intensity of many bands 



Fig. 8.5, Symmetrical aild 
antisymmetrical vibra- 
tions of the formaldehyde 
molecule. 
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which show fine structure in the absorption spectra of polyatomic 
molecules, it is probable that such bands frequently correspond to 
forbidden electronic transitions. In several instances this assumption 
is supported by the theoretical treatment of the spectrum. 

In addition to the selection rules which are derived from the 
symmetry relations, the transition probabilities are again subjected 
to the P'ranck-Condon principle, as has been pointed out in Section 83g. 


B. Fluorescence Spectra of Polyatomic Molecules 

85. Inorganic Compounds. Fluorescence of the vapors of inorganic 
polyatomic compounds has been observed in a very few instances. 
This is only to a smaller degree due to the fact that the first absorption 
bands are usually situated in the far u.v., as in the case of COg and 
NHg, and are accessible only to vacuum spectrography. I'he more 
general reason seems to be that, according to the tables compiled by 
Sponer and Teller,* most of the molecules have onh^ continuous ab- 
sorption bands, even fluctuations being relatively scarce. 

Somewhat detailed data are available concerning the fluorescence 
of NOg and SOg. The absorption spectrum of nitrogen dioxide consists 
of a weak and very intricate syvStem of bands between 5750 and 3520A, 
and a second system between 2600 and 2270A. Both systems show 
fine structure. Irradiation with light of wavelength below 3800A 
produces no fluorescence, but only dissociation. However, a fairly 
strong visible fluorescence is excited by irradiation with light of 
A > 4000A. Tlie emission spectrum consists of two bands at 6550- 
6250A and 6050-5600A,t followed by a few weaker narrow bands 
reaching into the blue region. The fluorescence intensity increases 
with the vapor pressure up to 1 mm, due to the increasing absorption 
of the exciting light, and drops very slowly at higher pressures ; surface 
fluorescence remains visible even at pressures of 90-100 mm. The 
quantum yield, however, has its optimum at the very lowest vapor 
density and has already dropped to \Qo at a pressure of 0.02 mm of 
NOg (Figure 86). A similar strong quenching is produced by the 
addition of COg, while Ng, Og, and Hg are a little less effective, with 
half-value pressures between 0.04 and 0.06 mm. The apparent 
quenching efficiency of the foreign gases is again dependent on the 

* H. Sponer and E. Teller, Rev, Modern Phys., 13, 75-170 (1941) (i54$a). 

t A fine structure observed in the second of these bands seems to be 
caused, at least partially, by the overlapping absorption bands. 
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NOg-pressure itself, as in the case of the visible Ig-fiuorescence. The 
great sensitivity to collisions is caused not by anomalously large 
quenching cross sections (they correspond very nearly to the kinetic 
cross sections) but by a lifetime of the excited state of the order of 
10“® sec. This is in agreement with the low absorption coefficient 
characterizing the NOg-bands, which is about 100 times smaller than 
that of the visible Ig-bands. Moreover, the long lifetime has been 
proved experimentally: at a low vapor pressure at which the mean 



Fig. 86. Intensity and yield of the fluorescence of 
NOg as a function of the gas pressure (Baxter). 
I : intensity. : relative yield 


free paths are equal to 1 cm, the boundaries of the fluorescent beam 
became diffuse, while they were sharply defined at a pressure of 4 mm 
(74S93Jm)‘ 

The intensity distribution in the fluorescence spectrum depends 
on the wavelength of the exciting light : under excitation by the mer- 
cury line 4358A the red fluorescence band prevails, while under ex- 
citation by the mercury line 4047A higher vibrational levels of the 
upper electronic state are populated and the yeUow-green band is 
emitted almost exclusively. Apparently the strong quenching action 
of collisions prevents a redistribution over the various vibrational 
levels. Notwithstanding thi& fact, the fluorescence is completely 
depolarized, as might be expected because of its slow decay. Irradia- 
tion with the violet mercury line produces predissociation in compe- 
tition with the fluorescence ; the blue line excites only fluorescence. 

S 02 '-vapor exhibits, also, several u.v. absorption band systems. 
The first system between 3900 and 2600A is rather weak, and, although 
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the bands show a well-defined fine structure, they do not seem to be 
connected with the excitation of fluorescence. The second system 
stretches from 2440 to 2000A; the vapor is dissociated by the ab- 
sorption of light of wavelengths below 2100A, but spark lines of greater 
wavelength (e.g., Cu 2136, 2190, and 2225A, Ni 2169 and 2207A, 
Cr 2 171 A, Cd 2195A, Pb 2204A, and Zn 2100A) excite long sequences 
of fluorescence line groups extending from the exciting line to the 
violet. Especially in their long- wavelength parts, they are very 
difficult to analyze. The complexity of the spectra may, in part, be 
due to the fact that every exciting line covers several absorption lines, 
but may be attributed even more probably to tlie various reasons 
mentioned in the preceding section. The fluorescence spectrum excited 
by the Zn-line 2100A has a relatively simple structure in which the 
three frequency differences of 1370, 1 150, and 520 cm~^ recur periodi- 
cally; they correspond to three fundamental frequencies of the un- 
excited molecule which have been observed in the SOg Raman 
spectrum. The same periods are found, although not so obviously, in 
some of the other resonaTice series and, furthermore, they agree with 
the analysis of the absorption spectrum (961, 752 j). 

By the addition of foreign gases (A, TR, or O^), the resonance 
progre.ssions are not transformed into the complete band spectrum. 
The intensity of the fluorescence is very little reduced by argon of 
100 mm and the quenching efficiency of hydrogen and oxygen is also 
relatively small. It is compensated for, in part, by increasingabsorption 
of the primary light due to the broadening of the absorption lines. If 
this enhancing effect is taken into account, 400 mm of CO2 quench the 
fluorescence to about of its initial value, if it is excited by the 
group of copper lines 2136-2225A, while the intensity is decreased 
only to Vio ^jhe addition of the same quantity of COg, if the fluo- 
rescence is excited by the Zn-line 2100A, In the latter case the lifetime 
of the excited state is already shortened, apparently by predissociation, 
since the zinc line lies very near to the predissociation limit, beyond 
which no fluorescence can be excited. The Pb-line 2088 A and the Ag- 
line 2066A are quite ineffective in producing fluorescence in SOg- 
vapor. 

No fluorescence has been observed Jn the gases CO2 and CS2. The 
question has been discussed, whether the infrared radiation of carbon 
dioxide at high temperatures should not be regarded as resonance 
radiation which is excited by the radiation coming from the walls of 
the oven. Quantitative measurements performed by Gerlach proved 
this assumption to be wrong { 488 ), But even lacking this experimental 
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proof it could not be doubted that, at the high pressures under which 
alone the emission can be obtained with appreciable intensity, and 
considering the small probability of emission and absorption processes 
in the infrared, the temperature equilibrium is achieved practically 
only by heat conduction and convection, and not by radiation. 

Absorption bands of ammonia and water vapor in the u.v. above 
2500A are not tabulated by Sponer and Teller. During the investi- 
gation of the Raman effect of these vapors it was found, however, 
that they are excited to fluorescence by irradiation with the mercury 
line 2537A. The emission band of ammonia reaches from 2700A far 
into the visible, while the intensity of the water-vapor band has its 
maximum close to the exiting line and drops rapidly in the direction 
toward greater wavelengths. Beyond the fact that the bands are con- 
tinuous, nothing is knovm concerning these last two instances of a 
fluorescence of polyatomic inorganic vapors { 1 J 42 ). 

86. Introductory Remarks Concerning the Fluorescence of Organic 
Compounds. Organic compounds which are known to be fluorescent 
in the vapor state are numerous. However, these are, without ex- 
ception, also fluorescent in liquid solutions or even as pure solids. Most 
investigations, in particular the earlier ones, deal primarily with the 
fluorescence of solutions, because of the smaller experimental dif- 
ficulties; furthermore, many substances are decomposed at the temper- 
ature necessary for evaporation and others exhibit photoluminescence 
only when they are ionized. P^or this reason, all questions referring 
to the connection between constitution and fluorescence are tre- 
ated in later chapters and only phenomena which are specifically 
characteristic of the vapor phase arc mentioned in the following 
sections. 

The preceding remarks refer mainly to aromatic compounds, 
while observations concerning the fluorescence of aliphatic or non- 
aromatic ring compounds are almost as scanty as those about inorganic 
polyatomic vapors. The reasons are essentially the same: the first 
absorption bands of many aliphatic compounds (methane, ethane, 
methanol, ethanol and other alcohols, hexane, etc.) lie in the far u.v., 
many others have only continuous absorption bands, or, if the ab- 
sorption bands .show structure, the absorption proccvss leads never- 
theless to predissociation or, perhaps, to internal conversion. The latter 
seems, for instance, to be exclusively the case for phosgene or thio- 
phosgene with a fine-structure band between 5712 and 3950A within 
which neither fluorescence nor dissociation is produced. Even in the 
vapors of aliphatic compounds in which fluorescence can be obtained 
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the yield is, in general, relatively small and dissociation or internal 
conversion is competing with the emission process. 

87. Nonaromatic Organic Compounds. All known instances of 
fluorescent aliphatic vapors are collected in Table 45. Probably it is 
only owing to too small intensities that in several cases the “excitation 
spectra” do not seem to reach as far into the red as the absorption 
bands. On the other hand, the short -wavelength limit of the excitation 
spectra is certainly due to the predominance of competing processes in 
the wavelength region beyond this limit. 

In the absorption spectrum of formaldehyde a series of equi- 
distant bands stretches from 3530A towards shorter wavelengths with 
a spacing of 1190 cm~^ ; they have been designated by Herzberg and 
Gradstein as “A” (3530A), '“5” (3400A), “C” (3270A), etc. On the 
long- wave side of follows, at the appreciably larger distance of 
1225 cm"“h a last, much weaker absorption band at 3706A. 
Fluorescence is excited by absorption of light in the bands “A,” “.S,” 
“C,” with rapidly decreasing yield in passing from ‘Gl” to “C.” 
The fluorescence spectrum begins with a relatively strong band which 
coincides with the absorption band “a” and extends from there far 
into the green in a long series of bands, some of which show fine 
structure (526,606). 

The total strength of the absorption and fluorescence bands is 
rather low; the fluorescence has a noticeable intensity only at vapor 
pressures above 50 mm. It is probable, therefore, that the corre- 
sponding electronic transition is forbidden and occurs only when 
combined with a simultaneous jump 1, 3, 5 . . . of an anti- 

symmetrical oscillation. Since at the temperature of observation most 
of the molecules arc in the nonvibrating ground state, the absorption 
bands “.8,” “C” , . . are caused by the ^/^-transitions T, 3', 5' 

0". Only the weak band “a” originates from the electronic ground 
state with = \ and corresponds to the transition 0'<~ 1". On the 
other hand, at the prevailing high pressure, all excited molecules are 
transferred by collisions into the nonvibrating level of the upper 
electronic state and the emission bands are caused by the i/^-transitions 
0' F (coinciding with the absorption band “a”), 0' -> 3", 5'" ... If 
this interpretation is correct, the frequency difference of 1190 cm^^ is 
at first approximation equal to 2a>', and, thus, co' = 595cm“”^. The 
corresponding value of the vibrational frequency of the ground state is 
obtained (see Figure 87) from the equation : 

A — a := co' + oj", or CO* = 1225 — 595 == 630 emr^ (56) 
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A further period of 1700 which is known as the characteristic 

frequency of the C-O bond, can be found with some degree of certainty 
in the fluorescence bands, but a complete analysis of the spectrum has 
not yet been achieved. 

The fluorescence of the vapors of acetone and biacetyl has been 
the subject of much discussion. A com- 
paratively strong greenish fluorescence, 
which is observed when acetone vapor is 
irradiated with the mercury line 3 132 A, 
was ascribed at first to the acetone mole- 
cules ; at present it is supposed to belong 
to biacetyl, which is formed under the 
action of the irradiation. If the newly 
formed biacetyl is continuousy removed 
in streaming acetone vapor, only a weak 
blue fluorescence is excited under the 
same conditions. This blue luminescence 
also prevails alone in the emission spec- 
trum, if the green fluorescence is quenched 
by the addition of oxygen {ii-i3,256a, 

3g5,6o2,g62a, g8y , 1146 , 1188 ) . 

Since the blue acetone vapor fluorescence in the spectral region 
between 4860 and 4 1 80 A can be resolved into 26 bands with an 
average spacing of 120 cm"^, this emission process does not seem to 
be directly related to the photodissociation of the acetone molecules 
(g62a). 

In pure biacetyl vapor the green fluorescence is excited by the 
absorption of blue and violet light which is quite ineffective in acetone 
vapor. The three emission bands listed in Table 45 show a somewhat 
irregularly spaced structure with J v ~ 55 cm~^ in the orange and 
Jv ~ 85 cm“"^ in the green which apparently is unrelated to the 
structure of the absorption bands. The absorption and the emission 
bands are separated by a gap (Figure 88). While the intensity of the 
absorption bands corresponds to a transition probability ~ 10^ 
sec"*^, the duration of the emission is of the order of 10“® sec, with an 
exponential decay ; this has been proved by phosphoroscopic measure- 
ments as well as by the rpethod of observing the diffuseness of the 
fluorescence beam at low vapor pressures. Almy assumes, therefore, 
that the molecules pass from the directly excited state F (Figure 89) 
into a metastable state M from which they are enabled by the 
thermal fluctuations to return into the lowest vibrational levels of F, 
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Fig. 87. Energy-level dia- 
gram for the fluorescence 
and absorption of formalde- 
hyde (Gradstein). 
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with subsequent emission of fluorescence. If excited by blue or violet 
light, the fluorescence yield is practically constant , of the order of 1 5 % , 
in a pressure range between 1 and 50 mm. On the other hand, the yield 
is very small at low pressures if the wavelength of the primary light is 
3650A, and increases gradually to about 13 % if the pressure is raised 
to 50 mm. 7'his behavior suggests the additional hypothesis that 
predissociation occurs with very great probability from the high 
vibrational levels reached by the absorption of the u.v. line, and that 


6095 5572 5137 A 



Fig. 88. Absorption and fluorescence spec- 
trum of biacetyl va})or at room temperature 
(Lewis and Kasha). 

a : absorption band c: molar absorption 
b'. fluorescence l)and. coeflicient 

i;in arbitrary units 

the molecules are ‘'stabilized” to a certain degree by collisions at 
greater vapor pressures. 

Lewis modified the energy diagram presented in Figure 89 in 
that he assumed that the luminescence of biacetyl vapor is not a 
“phosphorescence” due to tlie retransfer from state M to a low level 
of F with a subsequent “allowed” radiating transition to N, but a 
direct “forbidden” transition from state M to state N, the former 
being a triplet and the latter a singlet state. The hypothesis is based 
on an observation of Lewis and Kasha that biacetyl dissolved in a 
solidified organic solvent emits a fluorescence with a spectrum identi- 
cal with that of the vapor* and with a mean life of 5* 10“*^ seconds. 
Phenomena of this type are treated in Chapter V, E. The relatively 
small influence of the temperature on the lifetime is strongly in favor 
of Lewis' assumption that the luminescence is a “slow fluorescence" 
and not a phosphorescence ( 9276 ). 

* The fluorescence spectrum of biacetyl in aqueous solution also practically 
coincides with that of the vapor. 
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[It must be pointed out here, however, that if the low transition 
probability M -> N is due to the fact that iV and F are singlet states and 
M is a triplet state, then the transition F -> M must occur nevertheless, 
with a probability which is at least equal to 17.6 % of the sum of the 
probabilities of all others processes by which the molecules in the state 
F are quenched. If, in agreement with Almy’s diagram (Figure 89), 
the competing predissociation occurs in state M, all excited molecules 
are transferred from F to M in a time shorter than 10~^ sec, since no 
normal fluorescence due to a direct return from F to N with a yield of 
more than 1 % is observed. If, 
on the other hand, Lewis’ as- 
sumption is correct and the ex- 
cited molecules which do not 
contribute to the luminescence 
are quenched while staying in 
state F, the lifetime of the latter 
cannot exceed lO”"^ sec, and even 
in this case the probabilit y of the 
transition F M wouldbe fairly 
higli. However, if the transition 
probabilities are governed by 
the electronic selection rules, 
they arc* the same for the transi- 
tion F M in the; vapor and in the solid solution ; and if, furthermore, 
the mean duration of the afterglow of 1.5- 10~^ and 5-10“^ .sec can 
be accepted as correct for the vapor and tlie solid solution, respec- 
tively, at least 70% of the molecules which are transferred from F 
to M are quenched in the vapor, and, therefore, not 15 but at least 
50 % of all excited molecules must pass from F to M. The corres- 
ponding transition probability is almost as large as the one derived 
from Almy’s original assumption. 

Finally, the transition is spontaneous, since the quantum yield of 
the vapor fluorescence (when excited by blue and violet light) does not 
depend on the vapor pressure. Thus, the scdection rule forbidding the 
radiating transition from M to N does not appreciably influence the 
spontaneous radiationless transition from F to M. ] 

After a long-lasting irradiation the fluorescence of the vapor vanis- 
hes, because the biacetyl molecules are destroyed by photochemical 
processes which may be initiated by predissociation. It is probable, ho- 
wever, that this is not the only process competing with the re-emission 
of light, but that internal conversion plays an even more important part. 



Fig. 89. Energy-level diagram for the 
luminescence of biacetyl (Almy). 
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M^ile self-quenching seems to be negligible, the green biacetyl 
fluorescence is extremely sensitive to quenching by oxygen. The oxygen 
half-pressure is 1.3- 10”^ mm; if the irradiation is continued after the 
admission of a small quantity of oxygen, the oxygen is eventually 
used up by oxidizing processes and the fluorescence recovers its initial 
intensity. The quenching efficiency of iodine is even greater; the 
original fluorescence intensity of biacetyl vapor is reduced to less 
than 3 % by addition of iodine vapor of 2* 10~^ mm. 


Table 45 

Fluorescence of Aliphatic Vapors 
(Wavelengths in A) 


C'ompound 

Formula 

Fluorescence bands 

Discontinuous 
absorption bands* 

Excitation 

spectniiii 

Formaldehyde 

COH2 

5100-3700 
series ol bands 

3700-3100 

(-2750) 

3530-3200 

Glyoxal { 1655 ) 

(CHO), 

5200-4200 

continuous 

4600-3400 

4400-3600 

Methylglyoxal 


visible 

? 

? 

Acetone 

CH3COCH3 

4750 and 
biacetyl bands 

3340-2950 

(- 2200 ) 

3300-3100 

Biacetyl 

CH3COCOCH3 

broad bands 
with maxima : 
6095, 5572, 5117 

4670-3500 

4400-3650 

Acetaldehyde 

CH3COH 

biacetyl bands 

3485-2730 

3400-2800 

Ethyl methyl 
ketone 

C3H5COCH3 

biacetyl bands 

3200-2400 

j about 3132 

Propionaldehyde 

C2H5COH 

5460-43601 

continuous 

? 

about 3000 

Diethyl ketone 

C,H,CpC,H 5 

5460-4360 § 

? 

! about 3000 

w-Butyraldehyde 

C3H7COH 

visible 

3400-2850 

(-2420) 

3132 

Ethylamine 

CjH.NH, 

3600-2700 with 
max. 3435, 3285, 
3140. 3005, 2880 

2372-2300 

(-1850) 

3270-2300 


* The figures in parentheses indicate the limit of the nondiscrete bands, 
t Probably belonging to bipropionyl diketone, Cj,H 5 COCOC 2 Hj, 

§ Possibly also belonging to a diketone. 
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If the biacetyl fluorescence is produced by irradiating acetone 
vapor with the mercury line 3 132 A, the intensity of the green lumi- 
nescence grows slowly to a limiting value. Pure biacetyl vapor docs 
not absorb the line 3 132 A and is not excited by it; if acetone vapor is 
added to biacetyl vapor, the green fluorescence appears immediately 
with its full strength when the vapor is irradiated with the line 3 132 A. 
These experiments prove that the emission of the biacetyl bands b\^ 
acetone vapor is not caused by a direct formation of excited biacetyl 
molecules, but that the biacetyl molecules are first formed by a plioto- 
chemical process, and their luminescence subsequently excited as 
“sensitized fluorescence.’’ No green fluorescence is produced in acetone 
vapor by light of A < 2900A, beyond which the discrete acetone ab- 
sorption bands merge in to a continuum. This was assumed, at first, to 
prove that the fluorescence belongs to the chemically unaltered acetone 
molecules; in reality, the molecules are dissociated by light absorption 
in the discrete bands due to predissociation, probably according to 
the equation: 


CH 3 -CO-CH 3 -f hv -yCHsCO 4- CHg (57) 

2 . (CH 3 CO) CH 3 COCOCH 3 

Absor})tion in the continuous band of acetone gives rise to another 
dissociation process, which cannot be followed by the formation of 
biacetyl — perhaps : 

-f hv -^CHgCO-CHg -f Pi (58) 

« 

The whole complex of phenomena proves very convincingly that tlie 
appearance of fine structure in a band can well be connected with 
predissociation, while the nonexistence of fluorescence excitation be- 
ginning at a given wavelength is an absolutely unambiguous sign for 
the prevalence of a “competing process”* { 11 , 12 , 13 , 602 ). 

According to work of Rollefson and Graham, fluorescence is exited 
in the vapor of acetaldehyde at room temperature by means of irra- 
diating it with the mercury line 3 132 A. The fluorescence yield 

* The historical development of the biacetyl fluorescence illustrates, also, 
the danger of constructing elaborate energy levels for complicated molecules 
by the use of approximately agreeing numerical data. It seemed possible to 
represent the three fluorescence bands by combining the frequency of the 
exciting line with three infrared frequencies of acetone. The arbitrariness of this 
construction became evident when the fluorescence bands were proved to belong 
to another molecule. 
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does not vary during the irradiation, but decreases with increasing 
temperature and disappears completely when the temperature 
exceeds ISO"" C. The, decrease in fluorescence intensity is roughly 
complementary to an increase in photodissociation which competes 
with the fluorescence at all temperatures. The authors conclude from 
this behavior that the fluorescence is characteristic of acetaldehyde 
itself and not of some product of photolysis {Tjy 2 ). 

However, the spectrum of the fluorescence of acetaldehyde vapor, 
which Rollefson and Graham describe only as “visible,” has been 
found to be identical with that of biacetyl vapor. It is true that this 
latter result was obtained by Matheson and Zabor and by Padinanab- 
han by irradiating the vapor with the nonresolved radiation from a 
([uartz-mercury lamp and the pliotochemical production of biacetyl 
might have been due to the presence of light of shorter wavelengths, 
'rhus, it is possible (altlmugh not very probable) that the fluorescence 
observed by the two groups of investigators was not of the same 
nature. Furthermore the biacetyl bands were observed in the fluo- 
rescence of the vaj)or of ethyl methyl ketone (C 2 H 5 C()CH 3 ) (gSS,iiS8). 

Identical fluorescence spectra differing slightly from the biac(dyl 
sp)ectriim appear also upon irradiation of the vapors of diethyl ketone 
(C 2 H 5 COC 2 H 5 ) and propionaidehyde (CgHgCOH). Probably the me- 
chanism is analogous in all these cases to the excitation of the biacetyl 
bands by irradiation of acetone. In the last instances mentioned above, 
the carrier of the fluorescence, according to this assuinj)tion, sliould be 
bipropionyl diketone. TcTenin supposes that the fluorescence which 
he observed in the vapor of cthylamine should possibly also rather be 
ascribed to diethylamine. Although very little is known about the 
weak fluorescence of n-butyraldehyde, it seems plausible to assume 
that it also originates from a compound produced by a primary photo- 
chemical reaction. No fluorescence has been observed in the vap)ors of 
isobutyraldehyde, acrolein, or of methylamine. Thus, only a few of 
the not too numerous cases of fluorescence listed in Table 45 are 
caused by the direct excitation of an aliphatic vapor ( 62 , 4 ^ 4 ,g 88 , 
1188, i63g, 1636). 

None of the nonaromatic heterocyclic single-ring compounds, 
pyrrole (C 4 H 5 N), furan (C 4 H 4 O), thiophene (C 4 H 4 S), and pyridine 
(C 5 H 5 N) can be excited to fluorescence in the vapor state, although at 
least the four last-named compounds have strong absorption bands 
with fine structure in the region between 3500 and 2000A (jgo). Only 
when they are joined to a benzene ring, as in quinoline or indole, do 
the compounds become weakly fluorescent, notwithstanding the fact 
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that the absorption bands of quinoline are much more diffuse than 
those of pyridine, which is one of the components of the quinoline 
molecule. 

88. Benzene. The fluorescence of benzene vapor is excited, by 
light absorption in a relatively weak band between 2700 and 2200A. 
Light absorption in the much stronger bands in the far u.v. always 
leads to photocliemical disintegration. The production of hydrogen by 
irradiating benzene vapor with light of wavelengths below 2000A 
actually was observed by Prik^sliajewa. 

The gr(‘at complexity of tlie band system with its 0"-0' band 
at 39,089 crn~^ (2557. 5A) is caused by tlie superposition of numerous 
vibrational frequencies and rotational fine structure. Various in- 
vestigators who have undertaken the analysis of tlic* system disagree 
among themse)\Ts, more or less, in the assignment of numerical vakies 
to the occurring fn^quencies and th(‘ir interpretations, and more than 
one electronic transition has even been assumed to be responsible for 
tJie band structnn*. The most recent analysis is due to H. Sponer, 
Xordlieim, Sklar, and 'Feller; it is followed here, although it may not 
n'pn^sent the final solution of the difficult problem. In this analysis, 
tlie band system is ascribed to a single forbidden electronic tran- 
sition (6oj, 6.^6, 7500,7545). 

The fluorescence has been observed both at high pressure 
(/> > 10 mm) of the benzene vapor itself or of an inactive foreign gas, 
and at low pressure [p “ 0.3 mm). In the first case, the emission 
spectrum is independent of the wavekmgth of the exciting light, be- 
cause the excited molecules aije always transferred into the lowest 
vibrational levels of the upper electronic state ; identical fluorescence 
spectra have been obtained by irradiating the vapor with light from 
a quartz mercury arc, from a Cd- or Zn-spark, or from a hydrogen 
discharge tube In the second case, the so-called resonance spectrum 
originates exclusively from the directly excited vibrational levels. 
However, the spectrum shows no likeness to the clear simplicity of 
iodine icsonance progressions, because too many combinations of 
vibrational oscillations contribute to the emission process [ 646 , 64 ^, 
1003 , 1294 , 1350 ). 

Heavy benzene, or hexadeuterobenzene (CeD^), behaves exactly 
like ordinary benzene, with the sole exception that all frequencies are 
somewhat different. Therefore, it suffices to deal in the main only witli 
normal benzene (255). 

According to Sponer and her collaborators, the most important 
features of the absorption and fluorescence spectra can be represented 
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by taking into account only three vibrational carbon frequencies of the 
excited and of the ground state. In Table 46 and Figures 90 and 91, 
the frequencies oj and quantum numbers v of totally symmetrical 
vibrations are marked by even subscripts (0, 2 . . .), those of anti- 
symmetrical oscillations by odd subscripts (1,3...). 


Table 46 

Electronic and Vibrational Frequencies (v^ and co) Characterizing 
THE P'LUORESCENCE SpECTRA OF CgHg and CgDg 




ft)o 

COo 


0 )[ 

ft)a COt CDs a>3 a>4 cu* 


38089 

992 

923 

606 

520 

400 240 (1590) (1480) (3062) (2565) 


38292 

947 

878 

579 

497 

370* 230* 


* Only the diflerencc — co^ = 140 is actually known. 


At high pressures the excited molecules are supposed to be almost 
completely transferred into the vibrational levels 7>q = 0, = 0 or 1 , 

and V 2 = 0, 1 ,2, 3, 4. The lowest of these levels have the greatest 
populations. Since the electronic transition is forbidden, only bands 
with Jvi—1,3,5,.. can have an appreciable intensity. Bands 
corresponding to any value of dp^^and Jv.y (variation of the symmetiical 



Fig. 90, Energy-level diagrams for fluorescence of benzene. 
a: high-pressure fluorescence excited by Hg-line 2537 A. 
b : resonance spectrum excited by Hg-line 2537A at low 
vapor pressure. 
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vibration quanta) can be superimposed on the bands caused by the 
variation of v^. The level diagram of Figure 90a shows the principal 
types of bands resulting from this mechanism. The designations are, 
in the main, those of Sponer’s paper: the bands designated by A, B, C, 
and Z) correspond to certain values of v[ and the subscripts in A^q, 
Aqi, etc., in this figure, refer to the values of 2 ’q and respectively. 
Since, according to our assumptions all bands in the fluorescence 
spectrum start from the level Vq = 0 and lead to numerous levels v'q = 
0, 1, 2, 3 . . ., the bands similarly the bands and 

form progressions with the spacing Av = 992 cm“^.* They are 
the most outstanding feature of the fluorescence spectrum. (Right- 
hand part of P^igure 90a). The bands B, which originate from the 
lowest vibrational level of the excited state, have the greatest inten- 
sity. The frequency differences between B and the other bands are 
(left-hand part of Mgure 90a) : 

B — A =-112(); B—^C =-1040; B ~ D 114cm“i 

These frequency differences appear as regularly recurring periods in 
the spectrum. I'he same is true for the difference A — D — \2\2 cm““^, 
which is twice the value of the fundamental antisymmetric frequency 
606 cm-h 

Finally, a small period of 160 cm~^ is produced by the transitions 
between the excited vibrational levels and the levels 
ground state, cog symmetrical and Avo is always zero. This causes the 
appearance of sub-bands with a spacing Av — 400 — 240 = 160 cm“^ 
in every one of the bands A, B, C, and D. The superscripts in 
Bqq, etc., refer to the values of (Figrire 90a, central part). 

Thus, the fluorescence spectrum can be represented by the equation : 

V = 38039 -I- z/-520 — i;"-606 — /.992 — z;]' (400 — 240) 
with = 0,1,2; = ± 1; ~ t),l,2 . . = 0,1,2, . . . 6. (59) 

Although this analysis explains most of the more conspicuous 
bands, it is far from disentangling the whole complexity of the spectrum. 
Transitions with Av^ = 3 and 5, leading to the higher levels of the 
antisymmetrical oscillation 606 cm“^ of the ground state, must also 
occur, and the other vibrations of the ground state, e.g., the a- 
symmetrical carbon vibration (1590 cm”^) which coincides almost 
exactly with the sum 992 + 606 = 1598 cm""^, and the totally 

* The corresponding progressions in the absorption spectrum have the 
spacing 923 cm*"^. 
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symmetrical hydrogen vibration 3062 cm“^, cannot be neglected 
altogether.* Besides, the bands have a rotational fine structure which 
is, in general, not quite resolved. Figure 91a gives a schematic repre- 
sentation of the small region of the fluorescence spectrum between 
2660-2 700 A and shows the great number of bands which are not 
accounted for by Equation ( 59 ). 



37 500 37 400 37 300 37 200 37 100 37 000 cm 


Fig. 91. Schematic representation of part of benzene fluorescence 
spectrum (Ingold and Wilson). 
a\ fluorescence spectrum at high vapor pressure. 
b: resonance si>ectrum at low vapor pressure. 

At high benzene pressures the first band group, between 38,600 
and 37,600 cm~^ (259a-2659A), containing the bands Cqo, and Bjo. 
is missing in the fluorescence spectrum on account of reabsorption. 
If, however, the “transferring collisions” are produced in benzene 
vapor of low pressure by addition of foreign gases, these bands appear 
with fairly great intensities, though with somewhat inegular intensity 
distribution, which is caused by the still-prevailing reabsorption of 
certain sub-bands (10,1843), (For instance, the band AIq is more 
strongly absorbed than the band A^^, etc.), 

♦ Though not explicitly mentioned in the analysis of the fluorescence 
spectrum, the bands originating from the excited level = 1, also seem to be 
rather strong, as shown in Figure 6 of Sponer's paper. 
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The so-called resonance spectrum is by no means less complex, 
and shows rather less regularity in its structure (Figure 91^). It is 
unfortunate that, for technical reasons, resonance spectra in light and 
heavy benzeme have been obtained only by excitation with the mercury 
line 2537A.* This line lies between two rather weak absorption bands 
of light benzene vapor; th(* two bands are indicated in Figure 906 as 
rjo and Their small intensity, especially at low vapor pressures, 
results from the fact that they originate from the vibrational levels 606 
and 400 cm""h respectively. The periods 992 cm~^ (between and 
and of 1212 cm“^ (between CJq and also appear in the resonance 
spectrum, while the period 160 cm~’ is missing because 7^2 has the same 
value in all bands. On the other hand, the bands originating from the 
excited level (923 f- 520 4- 240) cm~h which is reached by the second 
possible absorption process, fall in between the first two progressions 
(left-hand side of Figure 906). Besides, there are, again, transitions to 
additional levels of the ground state (e.g., 1598 or 3062 cm~^), which 
make the appearance of the spectrum still more complicated. 

In this respect heavy benzene is slightly more favorable: the 
mercury line coincides with the absorption band (2-479 f- 230) <- 
(579 h 370) cm“^, so that the emission bands originate almost ex- 
clusively from one and the same upper level; as a matter of fact, the 
resonance spectrum of heavy benzene is decidedly simpler than that 
of normal benzene. 

The fluorescence of benzene vapor is affected very little by self- 
(juenching, and the quenching efficiency of foreign gases (He, Ng, 
('Og, cyclohexane, and even atmospheric air) is relatively small; 
transferring collisions by which the “resonance spectrum” is trans- 
formed into the “fluorescence spectrum” have by far the greater 
probability. If, however, the temperature israisedto200° C at constant 
vapor pressure, the fluorescence becomes much weaker and its structure 
more diffuse; at 400° C, the fluorescence spectrum consists only of a 
faint continuous band. Simultaneously, the difluseness characteristic 
of strong predissociation extends more and more from the short-wave 
absorption bands towards bands of greater wavelengths. Even at room 
temperature the mercury radiation produces considerable photo- 
dissociation competing with the excitation of fluorescence : after some 
time the walls of the container are covered with a deposit which is 
opaque to ultraviolet light. 

* At low benzene vapor pressures, very long exposures are necessary and 
mercury arc lamps are practically the only light sources which burn steadily 
over many hours and emit a strong line in the spectral region of the benzene bands. 

Pringsheini 10 
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89. Simple Derivatives of Benzene. The optical properties of 
benzene derivatives in which one or several hydrogen atoms are 
substituted by other atoms or radicals are, in general, very similar 
to those of benzene vapor itself. However, the absorption bands, as 
w'ell as the fluorescence bands, are always shifted to some extent in the 
direction of greater wavelengths, and. furthermore, the band structure^, 
which in many cases is still visible in the absorption spectra, is 
frequently absent in the fluorescence spectra (Figure* 92). In the most 
favorable instances (toluene, xylene, phenol), fluctuation maxima are 
superimposed on the continuous background, their spacing being, 
again, of the order of 1000 cm“h F2ven at the lowest vapor pn*ssun's 


een2ene 
;7-Xylenc 

ethyl 
benzene 

blue -green bands 

Fig. 92. I'luorescence spectra of benzene, />-xvlene, and ethvl benzene 

(Marsh). 

the conditions ate not changed. This is caused not by the predominance 
of really continuous bands due to dissociation processes, but rather by 
the overlapping of ever more densely packed vibrational and rotational 
levels, and also by the fact that with increasing asymmetry of the 
whole molecule the selection rules forbidding certain transitions in 
benzene lose their strict validity. In many of these vapors a much 
greater fluorescence intensity can be obtained than in benzene vapor 
{g84, 985,1004). 

Aniline vapor provides an especially instructive illustration for 
most of the statements made in the last paragraph. Its absorption 
power in the first absorption band and its fluorescence intensity are 
about ten times greater than that of benzene vapor under analogous 
conditions. The absorption bands show fine structure between 3026 
and 2650A; they are followed by a series of fluctuations and, finally, 
by a continuum beginning at 2520. At high vapor pressures, the fluo- 
rescence spectrum which reaches from 2850 to 4000A is completely 
continuous with a maximum at 3150A. The mean lifetime of the 
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excited state which can be derived from the half pressure of quenching 
by oxygen is of the order of magnitude of 10~^ sec. 

Under excitation by light of wavelength below 2810A the 
fluorescence spectrum of aniline vapor does not show any structure 
even at a pressure of mm (at room temperature) at which thermal 
equilibrium cannot be established in the excited molecules by col- 
lisions. Vartarian ascribes this behavior to the reasons discussed in 
Section 83g. The fluorescence spectrum is discontinuous, however, 
when the fluorescence is excited by the magnesium line 2937A; the 
line coincides with a strong 
band near the longwavelength 
end of the absorption spectrum 
which is supposed to be the 
O' -> O" band of the system. 

Since under such conditions of 
excitation all excited molecules 
are in the nonvibrating state, 
the emission spectrum becomes 
a relatively simple “resonance 
spectrum.’' One of the prin- 
cipal spacings between band 
groups is 990 cm“^ in the 
emission spectrum and 950 
cm""^ in the absorption spec- 
trum, obviously corresponding 
to the wellknown characteristic 
frequencies of benzene. In the region between 2937 and 3027A the 
fluorescence bands coincide exactly with the absorption bands which 
are due to transitions from several levels of low vibrational energy in 
the electronic ground state. 

Addition of foreign gases does not affect the sharpness of the 
/'resonance bands”, but it alters the relative intensities of the 
individual bands and stimulates the appearence of a number of anti- 
Stokes bands which are also present in the absorption spectrum. 
This redistribution of vibrational energy corresponds to the establish- 
ment of thermal equilibrium in the excited state ( 1648 , 1 ^ 4 ^, 1246 ), 

The complete fluorescence band reaching from about 3400 to 
2800A can be excited, though with small intensity, by irradiating 
saturated aniline vapor at 200° C with light of wavelength 3900A. This 
wavelength not only lies far outside of the normal absorption band of 
the vapor, but the deviation from Stokes’ law very much exceeds the 
Pringsheim 10* 


o b c 



Fig. 93 . Spectral distribution of rela- 
tive quantum yield of aniline fluores- 
cence [Terenin, Vartanian, and Nepo- 
rent { 1648 )]. 

1 : vapor in absence of foreign gas. 

2: vapcr with 700 mm of NHs 
added. 3: solution in hexane. 
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limit which should be expected from the available thermal energy. 
The phenomenon has been explained tentatively by Duschinsky, who 
made the following assumptions: the polyatomic molecule contains, 
on the average, in each of its (3w — 6) vibrational degrees of freedom 
the thermal energy kT ; absorption of light in a band near the long' 
wavelength end of the absorption spectrum transfers the molecule to 
one of the lowest vibrational levels of the excited electronic state — in 



2400 3000 3600 4200 A 

Fig. 94. Schematic drawuig of the fluorescence 
spectra of various aromatic vapors. 

the limiting case the molecule can lose all vibrational energy. In a 
molecule of 14 atoms this would amount to 36-kT or, at 200° C, to 
about leV. During the lifetime of the excited state, this energy is 
restored to the oscillations of the molecule by collisions and is sub-, 
sequently available as additional energy for the emission process. The 
hypothesis-has the shortcoming that the proposed transitions have an 
exceedingly small probability, but no better explanation of the pheno- 
menon and of other similar ones mentioned in Section 96 has been 
brought forward so far (33i,i26gi). 

The fluorescence spectrum of fluorobenzene is weak and diffuse ; 
the vapor of chlorobenzene is not fluorescent at all: apparently the 
light emission is completely suppressed by some competing process. 
The figures collected in Table 47, which gives only a selection of the 
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numerous fluorescent benzene derivatives, and the schematic drawings 
of Plgurc 94 need no further comment. It cannot be doubted that the 


Table 47 

P'luorescknce of Vapors of Aromatic Compounds 




Limits of 

■ 

Compouiul 

Formula 

fluorescence 

'I'ype of bauds 



spectrurn, A 


Benzene 


3100-2590 

Series of comjilicated band 

Toluene 

CeH.CH, 

3400-2700 

groups showing fine 
structure 

Many narrow bands super- 

Ethylbenzene 

C.IIAH, 

3G00-2K00 

imjjosed on continuum 
Continuum with two maxima 

Propylbenzene 

CsH.Cgll, 

3500-2850 

Weak continuum 

/)-Xylene 

CeH.fCH,), 

3850-2675 

Diffuse maxima on continu- 

Mesitylene 

C,H., ((- 113)3 

3800-2700 

ous background 

Three maxima on continuous 

Phenol 

CcHsOH 

3720-2810 

background 

Many irregularly spaced bands 

o-Cresol 

CeH^iOH)^ 

3610-2830 

on continuous background 
Continuum 

/)-Cresol 


3680-2840 

Idve maxima on continuum 

Aniline 

C3H3NH3 

4000-2850 

Fluctuations on continuum 

Pliiorobenzene 

C.H^F 

2880-2640 

Four groups of bands on con- 

/?-Fluorotoluene 

C,H3CH,F 

2950-2720 

tinuous background 

Groups of bands on continuous 

e-Chlorophenol 

CsHjOHCl 

3680-2850 

background 

Weak continuum 

Benzaldehyde 

C3H3CHO 

5000-3940 

Imur band groups showing 


C3H3CH3CO 

4600-3900 

structure 

Three difflise maxima 

Acetophenone 

(CeH^), 

3400-2800 

Weak continuum 

Biphenyl 


4500-2950 

Continuum 

Benzidine 

C3H3NHC3H3 

4000-2400 

Very weak continuum 

Diphenylamine 

Diphenylocta- 

C,H3-(CH = 

7000-4000 

Weak <!ontinuum with some 

tetraene 

CH) 3 -CeH 3 


indication of structure 

Naphthalene 

CioHg 

4000-3080 

1 Many narrow bands almost 

Methylnaph- 

thalene 


4500-3000 

merged in strong continuum 

Continuum 

Anthracene 

CuHio 1 

4300-3590 

Sequence of bands (see T able 4 8 ) 

Naphthacene 

6 ^ 161^12 


Sequence of bands 

Benzop 5 U‘ene 

Plao^is 

4550-3930 

Sequence of bands (seeTable48) 

Rubrene 

^ 16 pl 8 (C 8 H 5)4 

green 

? 

Octahydro- 

fluorocyclene 


5400 -UOO 

Five discrete bands 
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fluorescence of most of these compounds is characteristic of the 
benzene ring itself, which is only slightly modified in its optical pro- 
perties by the substitutions. In addition to their ultraviolet bands, 
Marsh and his collaborators observed in the fluorescence spectra of 
many benzene* derivatives a series of bands in the blue-violet (see 
Table 90, Section 138) which always have the same appearance { 984 , 
983 , 1132 , 12 ^ 1 ). According to Terenin they belong to benzaldehyde, 
formed by a chemical reaction of the excited compounds, and arc not 
characteristic of the benzene ring but of the carbonyl group in the 
molecule CgHgCHO. Since the absorption process takes place in the 
ultraviolet benzene band, the excitation energy must be transferred 
from one group to the other during the lifetime of the excited state 
by a kind of ‘‘internal sensitization.” Similar processes will be dealt 
with later. On the other hand, aniline vapor has a second u.v. ab- 
sorption-band system which is ascribed to the NHa^group because of 
its analogy with the absorption spectra of other amines. The aniline 
fluorescence is not excited by light absorption in this band. 

The fluorescence bands of biphenyl are ver}^ weak and diffuse; 
the same is true for the fluorescence bands of the diphenyl polyenes, 
while the fluorescence of these compounds in liquid solutions, and 
especially at low temperatures, shows a very definite structure 
(compare Section 134). 

90, Condensed Aromatic Hydrocarbons. The aromatic liydro- 
carbons, consisting of from two to ten and more condensed benzene 
rings, are all fluorescent in liquid solutions and many of them have 
been found to be fluorescent in the solid crystalline state. It is very 
probable that thi^ is also the case for the vapors of these compounds, 
although only relatively few instances are actually known. It was 
rather surprising that the simplest of these hydrocarbons, naph- 
thalene, was not among them, while its fluorescence in liquid and solid 
solutions has been the subject of numerous investigations. Marsh 
obtained only a continuous emission band in the Tesla-luminescence 
spectrum of naphthalene vapor; he emphasized that it was the only 
case in which the fluorescence spectrum of the vapor showed less 
structure than that of the liquid solutions { 983 ). However, a more 
recent report proved that by irradiating naphthalene vapor with mono- 
chromatic light of wavelenghts below 3000A, the fluorescence emission 
of a long series of narrow bands is excited; bands which are super- 
imposed between 3000 and 3340A on a strong continuum form the 
prolongation of a similar series of absorption bands; the two sets of 
bands coincide in the overlapping region. Vapor pressure and wave- 
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length of the primary radiation do not affect the aspect of the fluo- 
rescence spectrum [i 2 g 2 ). V. Henri, who was very successful in 
investigating the spectra of polyatomic compounds, has derived a 
complete electronic energy-level scheme of naphthalene by combining 
the photo- and cathodoluminescence spectra of the vapor, of liquid 
solutions, and of the crystalline state with infrared bands of the vapor. 
Such constructions seem to lack a sound foundation, however, because 
the electronic energy levels are always strongly influenced by the 
surrounding medium, so that no conclusions can be drawn from 
apparent numerical relations between the frequency differences oc- 
curring in the spectra of the vapor and of solutions. 

Publications dealing with the fluorescence of anthracene vapor 
are much more numerous. A strong violet fluorescence is excited by 
irradiating the saturated vapor at a temperature above 100° C with 
light of wavelengths below 3700A; the spectrum consists of four 
rather diffuse bands with a spacing Av = 1370 cm~^. Only the first of 
these bands is resolved into three sub-bands, which coincide exactly 
with the last long- wavelength band of the absorption spectrum. From 
there the absorption spectrum continuues in the direction of smaller 
wavelengths with a series of diffuse bands. The spacing of the ab- 
sorption bands of 1380 cm"^ is nearly the same as that of the emission 
bands ; this seems to prove that the vibrational frequency responsible 
for its appearance is nearly identical in both electronic states. At a 
vapor pressure of 0.1 mm (110° C), the same fluorescence bands are 
excited by the radiation of various light sources (mercury, zinc, or 
carbon arc) as long as all wavelengths below 3100A are eliminated by 
inserting a glass plate in the path of the primary light ; a decrease of 
pressure to 0.02 mm (90° C) decreases only the intensity of the fluo- 
rescence, while the first group of the fluorescence bands is suppressed 
by self-absorption, if the pressure is raised to 1.5 mm (150° C).* Thus, 
even at the low density prevailing at the pressure of 0.02 mm, all 
molecules seem to be transferred into the same vibrational levels 
during the lifetime of the excited electronic state. This behavior may 
be due to the relatively long lifetime which F. Perrin found for 
anthracene dissolved in various viscous solvents. If his result can 
be applied to the vapor, it would not be surprising if the fluorescence 
of the vapor would be always completely depolarized, as has been 
stated in one of the papers dealing with the question. Under practically 

♦ This is probably the reason why, in earlier papers, the short-wavelength 
group of anthracene fluorescence bands is not mentioned (^62,996). 
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the same experimental conditions, however, Suppe obtained a degree 
of polarizatior p = 33%; the reason for this discrepancy has not 
yet been cleared up {i2g2,i^gg). 

If anthracene vapor is irradiated with the cadmium line group 
near 3612A, which coincides with the last absorption band of the vapor, 
the fluorescence spectrum has a strikingly different aspect : the diffuse 
bands are replaced by groups of line-like narrow bands which are 
shifted with regard to the former by about 400 cm~’ in the direction 
of smaller wavelengths. The spacing between the groups is again 1370 
cm~^, while the distance between the individual sub-bands is of the 
order of 80 cm~^. If the vapor pressure is increased from 1 10" to 150" C , 
the structure disappears and the fluorescence spectrum recovers its 
‘‘normal” type. Although the behavior differs in several details, the 
phenomenon is very similar to that of aniline vapor descrilied in the 
preceding section, and it must be explained, in the main, by the same 
assumptions (i2g2). It seems reasonable to expect that also the 
fluorescence spectra of other aromatic compounds which are con- 
tinuous, in general, would exhibit the structure characteristic of their 
absorption bands, if a line coinciding with the O' -> O" band were 
used for excitation. 

Anthracene has a second absorption band system showing two 
diffuse maxima in the short-wavelength u.v. ; it corresponds to another 
electronic transition. The violet fluorescence is excited by light 
absorption in these bands at even considerably lower vapor pressures 
because of the greater absorbing power of the vapor for the short- 
wavelength u.v. radiation. Since no light emission accompanies the 
transition from the higher electronic slate to the emitting state, the 
transition must correspond to a process of internal conversion. In 
such a process very numerous vibrational levels of the emitting state 
must be populated and therefore the fluorescence band is under these 
conditions quite continuous between 3600 and 4400A. 

The fluorescence of phenanthrene, which is an isomer of anthra- 
cene, has been the subject of several publications, in which it is 
described as being very similar to that of anthracene. It is very, likely, 
however, that this fluorescence was really due to admixtures of anthra- 
cene, as shall be pointed out in a later section, while the fluorescence of 
pure phenanthrene is exclusively ultraviolet {458c). 

The only other instance of a polycyclic aromatic hydrocarbon of 
which the fluorescence spectrum has been investigated in the vapor 
state is represented by benzopyrene. The spectrum is similar to that 
of anthracene and is excited equally by the near-u.v. radiation 6i a 
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mercury and a carbon arc. The details of the spectrum, as well as of the 
fluorescence spectrum of anthracene vapor, are listed in Table 48. The 
bands show some structure and are separated by intervals of 1400 cm~^ 
{1292). 

Table 48 ^ 

Fluorescence Bands of Anthracene and Benzopyrene Vapors 
(Wavelengths of band maxima in A) 


Compound 

1 Wavelength of band maxima 

Anthracene 

3595 3650 3695 

3858 

4074 

4300 


Benzoj)yrene 

3930 

4050 4080 4150 

4262 

4320 

4520 


Only the color of the fluorescence is known for the vapors of a 
few additional compounds: dark blue for retene, orange red for napli- 
thazarine, bright blue for pcrylene and rubrene. At liigher vapor 
pressures the fluorescence of rubrene turns into a deep green because 
of the reabsorption of the blm‘ and violet light by the vapor.* 

91, Heterocyclic Compounds; Dyes, The number of heterocyclic 
aromatic compounds, and especially of dyestuffs, which are known 
to be fluorescent in solutions is almost unlimited. Only a few of them 
have been investigated in the vapor state. This may be due partly to 
the reasons mentioned in Section 86, but it is probable that the number 
of fluorescent vapors might easily be increased. The few examples 
which have been tested so far are listed in Table 49. WTile nothing is 
known about the fluorescence of acridine vapor, the acridine dye, 
acriflavine (trypaflavine), can be heated up to 350° C without being 
destroyed, its vapor showing a bright blue fluorescence when irra- 
diated with violet light. The fluorescence of the vapors of anthra- 
quinone and of indigo was mentioned by Wiedemann and Schmidt 
in 1895; the fluorescence color of the vapor of the Kodak dye, 1,4- 
diaminoanthraquinone, turns from pure green into yellow with in- 
creasing vapor pressure. Considering the results obtained by Prilesha- 
jewa with the vapors of indigo blue and indigo red, it may be doubted 
whether this change of color is exclusively caused by reabsorption. 
The fluorescence spectra of the two indigo dyes is very simiMr, but a 
much greater intensity is obtained with indigo blue. If the vapor of 
the dye is irradiated with light of the near u.v. (2700-3800A), the fluo- 

♦ Unpublished observations; this holds also for most cases mentioned in 
the following section. 
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rescence is violet, its spectrum extending from 2800 to 5500A; by 
unresolved white light a blue fluorescence is excited, reaching from 
3700 to 6000A. ^^^len a green filter is inserted in the path of the 
primary light, the fluorescence is yellow-green; it becomes orange by 
inserting a yellow filter, and red when the filter is orange. This is the 
only example known, at present, in which Stokes’ law is obeyed in this 
strict manner {i2y 4,1834). 


Table 49 

Fluorescence of Vapors of Dyes 


Compound 

Fluorescence color 

Compound 

Fluorescence color 

Acriflavine 

blue to green* 

Indigo red 

blue 

Anthraquinone 

Diaminoanthra- 

blue 

Indigo blue 

violet to redf 

quinone 

green to yellow* 




* Depend iBg on vapor pressure, 
t Depending on wavelength of exciting l^ght. 

92. Sensitized Fluorescence of Aromatic Compounds. The fluo- 
rescence of indigo vapor is not excited by light of wavelengths between 
2700 and 2400A ; if some aniline vapor is admitted into the observation 
chamber, the violet indigo fluorescence flashes up. Since the aniline 
vapor absorbs the incident light, the indigo fluorescence is excited, 
imder these conditions, as sensitized fluorescence. 

On the other hand, the excitation spectrum of aniline-vapor 
fluorescence is confined to the spectral region 2850-2500A; the zinc 
line 2500A produces only a very weak fluorescence in aniline vapor of 
0.1 mm. After an exposure of half an hour, the photographic plate is 
not appreciably blackened. In the presence of benzene vapor of 15 mm, 
the aniline fluorescence excited by the zinc line is so much enhanced 
that it can be photographed in several minutes. In a mixture of aniline 
and benzene vapor, the benzene fluorescence, which is easily excited 
by primary light of wavelength 2500A, is very weak, while the aniline 
fluorescence is still noticeable at a partial aniline vapor pressure of 
0.005 mm, at which it cannot be excited by light absorption in the 
long-wavelength absorption bands of aniline itself. Apparently the 
transfer of excitation energy from the benzene molecules to the 
aniline molecules has a very high efliciency (i2J3). 

The phenomena described in the last two paragraphs are instances 
of typical sensitized fluorescence; they are interesting in themselves, 
because they are (apart from the case of the acetone-biacetyl 
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fluorescence) the only instances of sensitization by polyatomic molecules 
which have been observed so far in the vapor state. It is, however, 
even more surprising that either of the two processes is reversible. It 
has already been mentioned that the aniline emission bands can be 
excited with small intensity as anti-Stokes fluorescence by irradiating 
the vapor with light of wavelengths up to 3900 A. In the presence of 
indigo vapor, this anti-Stokes fluorescence is enhanced at least ten 
times. Similarly, the benzene fluorescence, which is not excited directly 
by the magnesium line 2800A, appears in the emission spectrum, 
though only with small intensity, if aniline vapor is added to the 
benzene vapor. The excitation spectra of the three vapors and the 
fluorescence bands of indigo, aniline, and benzene are so distinct that 
any mistake is quite out of the question. A satisfactory explanation 
of the mechanism by which the energy for this anti-Stokes fluorescence 
is provided has not yet been suggested. 

Another phenomenon may at least be mentioned in this con- 
nection. x\ccording to Prileshajewa, nitrogen, hydrogen, and carbon 
oxide quench selectively those parts of the fluorescence bands of the 
vapors of ethylbenzene, toluene, and aniline which are “in resonance” 
with some vibrational levels of the quenching molecules. Since the 
fluorescence bands are situated in the u.v., the quenching molecules 
must be transferred into very high vibrational levels of their electronic 
ground state, the corresponding quantum numbers v lying between 
10 and 15. It has been pointed out in another section that such pro- 
cesses are exceedingly improbable from the theoretical viewpoint, and, 
since the effects obtained by Prileshajewa are little pronounced, her 
results must be confirmed by other investigations before they can be 
taken for granted {i 2 y 2 ). 

C. Fluorescence of Radicals Produced by Photodissociation 
of Polyatomic Molecules 

93. Metal Halides. The photodissociation of the triatomic halides 
of Hg, Cd, and of Zn is quite analogous to that of diatomic metal 
halides, discussed in Section 69. The compounds can be dissociated by 
absorption of light in several continuous bands, and the only dis- 
tinguishing feature is that one of the products of the dissociation 
process is not a metal atom but a metal halide radical, according to 
the equation : 

MeX, -f Av MeX -f X* or Me'X X 
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The wavelength of the primary light determines the excited state 
in which one of the two separating particles is found after the 
dissociation. Light absorption in the continuum of greatest wavelength 
produces, again, excited halogen atom X* in a meta stable state ; if, by 
absorption of light of shorter wavelength, an excited radical Me'X 
results from the dissociation, a molecular band is emitted subsequently 
instead of an atomic line. In Table 50 all results obtained with the 
halides of mercury, cadmium, and zinc are collected : Me'X, Me^X, and 
Me "'X denote three excited electronic states of different energy; a, 
h, c . . . are the absorption or selective excitation bands ; absorption of 
light in these bands excites the emission of the fluorescence bands 
A, B, . . The fluorescence bands consist, in most cases, of long se- 
quences of band edges or fluctuations which can be analyzed partially 
in accordance with the band theory for diatomic molecules, although 
this analysis frequently seems to be somewhat arbitrary. It is assumed 
that the lower electronic state which is reached by the emission of the 
bands B, C, and D is the ground state of the molecule MeX, because 
the spacings between the maxima in the three band systems have nearly 
the same values; taking this for granted, the heat of dissociation for 
the process MeX2 MeX + X can bo derived from the wavelength 
of the exciting light and that of the fluorescence bands. Since the latter 
is much less well defined than the wavelength of an atomic line, this 
method of determining the heat of dissociation is even less accurate 
here than it was in the case of the diatomic metal halides. 

The continuum of longest wavelength in which absorption of light 
produces the emission of a fluorescence band (e.g., C) is designated 
in the table by the corresponding small letter (e.g., c). However, the 
same fluorescence* band may be excited with even greater efficiency 
by light absorption in a continuum of smaller wavelength; e.g., 
the violet fluorescence ''B'' of Hgl, which can be excited by irradiation 
of Hgl2- vapor with light of wavelength 2240 (absorption band b), 
becomes much stronger if the primary radiation contains light of 
A < 1870 , which is absorbed in band c {6^6,1157,1633-1636, 1661, 
1836-1840), 

Several additional processes occur in the photodissociation of the 
lead halides. By absorption of light in two different continua, only one 
band characteristic of the radical PbX is excited; therefore it is 
probable that the two absorption bands correspond to the two 
processes : PbXg hv PbX -f X* and Pb'X + X, X* representing, 
again, the halogen atom in the metastable state ^Pi/2. Apart from the 
PbX“bands, the Xg-bands and a number of atomic Pb-lines appear 
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in the fluorescence spectrum. Pb-lines are also observed in the ab- 
sorption spectrum of the vapors. At the temperature and vapor 
pressure of the experiments (given in parentheses in Table 50), the 
vapors are dissociated thermally to a certain degree. However, since 
the intensities of the Xa-bands and of the atomic lines are quadratic or 
even cubic functions of the primary light intensity, two or more 
individual absorption processes arc contributing to their excitation, 
which, therefore, cannot be a case of normal sensitized fluorescence. 
The mechanism of the energy transfer from the excited PbXg-molecules 


Table 50 

Absori'tion and Fluorescence Bands of Polyatomic Metal Halides 
(rt, b, c . absorption bands; A, B, C . . . corresponding fluorescence 
bands; wavelengths in A) 


Product'^ of 
cJi.s';ociation 

MeX -I- X* 
Me'X f X 

Me"X -f X 

Me'^X-f X 


PbX + X* 
Pb'X + X 


Tiand 

symbol 


b 

B 


c 

C 


d 

D 


b 

b' 

B 

A' 


Hgl* 

2600 

2240 

4450- 

3500 

1820 

3100- 

2800 

1730 

2800- 

2650 

1600 


HgBra ! HgCl, 


22 40 

1950 

5040- 

3500 

1700 

2900- 

2700 

1600 

2700- 

2500 

2700- 

2500 


1850 

1810 

5660- 

3400 


CdL 


2620 

2230 

5670- 

5085 

2070 

3500- 

3250 

1820 


CdBr, 


1970 
7000-1 
? 


Znij 


2200 

1960 

0000-1 

5300 


ZnCL 


1750 

5600- 

4900 

1600 

3800- 

2850t 


Pblj (450^0.3 nmi) 


2326 

2020 

5000-4000 

(12 broad bands) 

5600-5350 

(structure uncertain) 


PbBr^ (250'’,! min) 


2230 

2080 

4950-4433 

(22 band edges) 

5600-5050 
(13 band edges) 


PbClz (500%2 nun) 


2050 

1950 

4921-4098 
(69 band edges) 

5258-4941 

(48 band edges) 


t Three different excited states are ascribed, in a more complete analysis of the 
ZnCl-spectrum, to the bands listed here as fluorescence band C ; if this is correct, 
the representation given in this table probably is too simple also for the other 
halides. 



278 


POLYATOMIC GASES AND VAPORS 


to the X 2 ~molecules and the Pb-atoms has not yet found a satisfactory 
explanation. This holds also for the excitation of themercury resonance 
line 2537A, which is always present in the fluorescence when Hglg is 
photodissociated. 

The yellow-green iodine bands are emitted if the vapor of stannic 
iodide at a pressure of 110 mm (saturated at 60° C), is superheated 
to temperatures above 350° C and irradiated with light of wavelengths 
between 2500 and 2150A. In this case, the impossibility of a direct 
excitation of free Ig-moleculcs has been proved experimentally: no 
fluorescence is produced by illuminating the vessel with green light, 
which is most effective in stimulating the visible iodine fluorescence 
(jjoj). Free iodine, which is actually produced by the photodissoci- 
ation, must be frozen out carefully in order to prevent quenclfing of the 
fluorescence. The intensity of the Ig-fluorescence is proportional to the 
intensity of the primary light and, therefore, cannot be caused by a 
recombination process of the type I -f- I* Ig*. On the other hand, 
the emission of the iodine bands is not observed at temperatures 
below 320° C and is continuously enhanced by raising the temperature 
to 550°, the limit reached in the experiments for technical reasons. In 
tin tetraiodide, the iodine atoms are not grouped in pairs, but form 
a tetrahedron symmetrically surrounding the central tin atom. Only if, 
at high temperatures, the amplitudes of the oscillations become 
sufficiently large, can two of them approach each other so closely 
that they can be separated in a single act from the parent molecule 
as an exited iodine molecule. Terenin calls this process "inner 
recombination in the photodissociation of a polyatomic molecule.” 
Some of the Ig-bands emitted under these conditions are anomalously 
enhanced, irrespective of the wavelength of the exciting light ; 
according to Terenin, the abnormal intensity distribution is caused 
by a selective transfer of vibrational energy from the excited iodine 
molecule to the remainder of the original compound, Snig {61,1103, 
1647). 

A yellow-green fluorescence which has been observed in super- 
heated vapor of Bilg has been ascribed by Terenin to the analogous 
process Bilg + -f I 2 *, notwithstanding the fact that the 

fluorescence band is quite continuous. f Simultaneously, a number of 
atomic Bi-lines are emitted which may be due either to a secondary 
photodissociation: Bil -f Av->Bi* -f I, or to a direct excitation of 
Bi-atoms present in the vapor {iioi), 

t Therefore, the band had been ascribed previousl}^ to an excited molecule 

Bila, 
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If the vapor of Gaig saturated at 300® C is irradiated with light 
of wavelengths below 2080A, the atomic gallium lines 4033 and 4172A 
appear in the fluorescence spectrum. A weak band at 3915A, which is 
excited by the radiation from a carbon arc, is ascribed by Petrowa to 
the undissociated molecule Gaig, while a much stronger yellow 
luminescence, which is excited only by light of wavelengths shorter 
than 1800 A, is supposed to result from the photodissociation of the 
compoundintoGa'I + Ia- The origin of a greenish fluorescence excited 
at 230° C by short-wavelength u.v. in the vapor of GaBrg has not been 
determined {1230,1818). 

The emission of the CuCl-bands due to the photodissociation of 
CU 2 CI 2 by light of wavelengths below 2370A has already been mentioned 
in Section 61. Butkow’s and Terenin’s earlier experiments were re- 
peated by Terrien, who obtained essentially the same results and 
succeeded no better than the Russian investigators in explaining the 
energy relations of the processes involved. If he illuminated the vapor 
simultaneou.sly with u.v. light (A < 2370A) and the lines of the Cu 
resonance doublet 3248/74A, the resonance lines reappeared in the 
fluorescence spectrum in addition to the CuCl-bands. The intensity of 
the doublet dropped to if the total primary intensity was reduced to 
by means of a wire-gauze filter. Irradiation with the lines of the 
doublet alone was ineffective. Hence, it seems that the copper atoms 
are separated from CU 2 CI 2 or CuCl-molecules by the absorption of 
ultraviolet light and are subsequently excited by absorption of the 
atomic lines while still in the gas phase, before they are precipitated 
{191,1649). 

Finally, a visible fluorescence is observed when the vapors of 
CHgHgl and CHgHgBr are illuminated by the light of strong sparks ; 
the fluorescence is violet in the first, and blue in the second case. The 
color of the emission and the spectra are identical with those obtained 
in the vapors of Hglg and HgBr 2 . However, the fluorescence appears at 
much lower temperatures in the vapors of the organic compounds and 
the spectral range of the exciting light is different from that of the 
mercury halides. It is certain, therefore, that the primary process is 
a photodissociation of the compounds according to the equation: 
CHgHgX + Av->CH 3 + HgX* (1646). 

94, Other Polyatomic Molecules. Terenin and his collaborators 
have observed the fluorescence of radicals which were produced by 
the irradiation of various polyatomic molecules with the Schumann 
u.v. of a hydrogen, discharge lamp. By inserting very thin quartz 
plates and fluorite plates into the path of the exciting light they were 
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able to determine the short-wavelength limit of the processes qualita- 
tively. From this limiting wavelength and the fluorescence 
wavelength A jr, they calculated the electronic energy E of the excited 
radicals and the heat of dissociation D of the compounds {68i,68j, 
684,1104,1638). 


Table 51 

Photodissoctatton of Molecules Containing the Radicals 
OH, CN, NTT2. AND NO 


Compound 

T’roducts of 
dissociation 

D -f E in cV 

Aw ^ 

Xp in A 

HgO 

H f OH* 

5 + 4 == 9 

.1370 

3062 

CH3OH 

CH3 + OH* 

3.9 + 4 7.9 

1560 

3062 

C0H5OH 

C^Ur, ~\- OH* 

3.9 + 4 = 7.9 

1 560 

3062 

HCOOH 

HCO -f OH* 

3.9 + 4.G 7.9 

r560 

3062 

HCOOH 

I-ICO* -I- OH 

3.9 + 3.6 =- 7.5 

1630 

• 3400 

CH3C00H 

CH3CO + OH* 

3.9 + 4 = 7.9 

1560 

3062 

CH,CN 

CH3 T CN* 

4.57 + 3.18 = 7.75 

1 600 

3863 

ICN 

I -f CN* 



3863 

GN, 

CN -f CN* 



3863 

NH, 

H -f NHa* 

1 5.1 + 2.4 - 7.5 

1630 

5000 


NHg NHa* 

5.3 + 2.4 = 7.7 

1580 

5000 

N3O 

N -h NO* 

4.1 + 5.6 -- 9,7 

1280 

4000 

1 


The OH-band at 3062A, corresponding to the vibrational quan- 
tum numbers 0' -> 0", is by far the strongest in all spectra in which 
the OH -radical is the carrier of the fluorescence and shows abnormally 
high rotational quantum numbers; the band at 2811 A (l'->0'') is 
much weaker, while the band at 3428A (O' r> 1") is noticeable only 
in the photodissociation spectrum of formic acid. In addition to the 
OH-bands, the fluorescence of formic acid contains a sequence of 
diffuse bands very similar to those of formaldehyde. However, the 
two sets of bands do not exactly coincide, and Terenin suggests that 
the new bands might belong to the radical HCO. 

The band sequence with Av — 0 {O' 0" , \' ~>V, 2' -> 2") be- 

tween 3883 and 3862 A has the greatest intensity in the CN -fluorescence 
following the photodissociation of various cyanogen compounds ; the 
sequence = -f 1 (0'-->l", r->2'', 2'->3") between 4216 and 
4181A is much weaker and the sequence Av ~ — 1 (T -> O'', 2' -> 1") 
between 3590 and 3586A is only just noticeable. 

The emission bands of NHg exhibit a great number of narrow and 
closely spaced sub-bands; they are designated, in general as a-bands 



FLUORESCENCE OF OTHER POLYATOMIC MOLECULES 


281 


of ammonia. The fluorescence has about the same intensity when the 
radical NH 2 is produced by dissociation of ammonia or hydrazine 
vapor; it is rather weak in the vapor of methylamine. 

NgO has a number of continuous absorption bands between 3000 
and 1400A. The products of the dissociation processes corresponding 
to these bands are 0- and N-aloms and NO- or Ng-molecules in the 
ground state or in metastable states, so tliat no light emission follows 
the dissociation. By absorption of light in a very strong band at 1 280A, 
however, the NgO-molecules are split into a nitrogen atom in the ground 
state and an NO-molecule in the excited state From there the 
molecules can return to the ground state with emission of the so-called 
j8-band of NO, which reaches from 5270 to 2185A; the great lengtli of 
the band system is caused by the fact tliat the potential curve of the 
excited state, with an excitation energy of 5.6 eV, has its minimum at 
a much greater internuclear distance than the potential curve of the 
ground state. In Sen Gupta’s experiments, only tlie long-wavelength 
part of the band was obtained by means of a glass spectrograph; the 
intensity distribution in this part of the system was normal, with the 
highest intensity in the bands at 4589, 4041, and 3800A. Light of 
wavelengths greater than 1800A, which would suffice for directly 
exciting the j8-bands in NO-gas, was ineffective and thus it could be 
proved that the emission was really caused by the photodissociation 
of NjjO (1493). 

The fluorescence of the OH-radicals is strongly quenched by 
addition of CO and Hg; the influence of foreign gases in reducing the 
abnormally high rotational energy in the OH- and CN-bands has been 
dealt with in Section 67. The fluorescence of CN is quenched by Ng 
more effectively in the O'-^O'' band than in the 1 1" band. For the 

NHg-fluorescence, nitrogen, carbon monoxide, and argon have about 
the same quenching efficiency. Most of these quenching processes 
seem to be caused by ifiduced predissociation, but Terenin assumes 
that the OH-fluorescence is quenched by chemical reactions between 
the excited OH-radicals and hydrogen or carbon monoxide molecules. 




PART II 

Fluorescence and Phosphorescence 
of Condensed Systems 




CHAPTER lY 


GENERAL SURVEY 

A. Nature of Luminescent Substances 

0 

95. Conditions for Occurrence of Photoluminescence. Unperturbed 
fluorescence of gases and vapors is noted only at lowest pressures. At 
pressures at which collisions of excited molecules become sufficiently 
probable, either the secondary -radiation is changed in frequency, or 
its intensity is weakened or even completely quenched. Polyatomic 
molecules seem to be less sensitive to quenching by collisions, in 
general, than monatomic vapors. In condensed states (pure liquid or 
solid, liquid or solid solution) the ability to fluoresce is lost, however, 
even in the majority of polyatomic compounds. The reasons for the 
absence of fluorescence due to the interaction of excited molecules 
with other molecules are, in principle, the same in condensed systems 
as in vapors : induced predissociation, chemical reactions, and “internal 
conversion.” It is easily understood that the first of these processes 
has a greater chance of realization in condensed systems, where the 
excited molecules arc in a constant state of collision.* In most 
instances no chemical reactions are produced by the absorption of 
light, and, e.specially if the nature of the surrounding molecules (of 
the solvent, for instance) has no marked influence on the optical 
properties of the absorbing substance, the re-emission of radiation 
must be suppressed by the third type of process {424). 

The probability oi internal conversion is greatly enhanced in 
condensed systems for two reasons. If, in a polyatomic vapor, the 
electronic excitation energy of an. isolated molecule is converted to 
high vibrational energy of the electronic ground state, the inverse 
process must occur after some time. This fluctuation of energy from 
one form to the other may be repeated more than once, but as long as 
no collision takes place, the absorbed energy must eventually be re- 
emitted as radiation. Whenever a molecule has acquired a high 

* It has already been pointed out that, on the other hand, the probability 
of spontaneous predissociation can be reduced by the stabilizing effect of 
collisions (see Section 83). 
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vibrational energy in a condensed system, this energy is almost 
immediately dissipated into thermal agitation of the surrounding 
medium and is never restored to the initially excited molecule. 
Also a molecule in a condensed system, especially in a solution, can 
never be treated as an isolated entity: in nearly every case it forms 
some sort of complex with surrounding molecules, e.g., of the solvent. 
Many metal ions exhibit, in aqueous solutions, absorption bands of 
much lower frequencies than those of the resonance lines in the vapor 
state and these may be due at least partially to electronic transitions 
between the dissolved molecules and the solvation envelope by which 
they are surrounded. In other instances the influence of the solvents on 
the absorption spectra of the dissolved molecules is relatively small, 
but none the less an interaction between the latter and the solvation 
envelope takes place and can greatly influence the fluorescence yield. 

Since the existence of narrow absorption bands proves the corre- 
sponding electronic transitions to be well protected against pertur- 
bations from outside, one might ?issume that molecules exhibiting such 
bands should have a greater chance to be fluorescent than others. This 
is correct up to a point : among compounds with narrow absorption 
bands the number of fluorescing substances is relatively great, al- 
though fluorescence is by no means a general property of such com- 
pounds. For instance, the chromium alums and the uranous salts are 
not fluorescent. On the other hand, the absorption bands of many 
strongly fluorescent dye solutions are no less diffuse and broad than 
those of nonfluorescent dyes. Very small changes in the constitution of 
a molecule can have a great influence on the probability of internal 
conversion and, thus, on the occurrence or nonoccurrence of fluo- 
rescence without appreciably affecting the power of absorption- 

96. Most Important Types of Luminescent Substances. If photo- 
luminescence is a characteristic property of a compound as such, the 
molecules of this compound must be fluorescent under various con- 
ditions — for instance, when the compound is in the crystalline state, 
in a liquid solution, and in the va^por state. Practically all molecules 
which are photoluminescent in condensed states are more or less 
complex. The only exceptions are the positive ions of some rare-earth 
metals, the optical properties of which are so little perturbed by the 
surrounding medium that, even in crystals or in aqueous solutions, 
they behave almost like the atoms of a vapor. Among the complex 
inorganic molecules the positive ions UO++ are, with few exceptions, 
fluorescent in crystalline uranyl salts and in liquid solutions of such 
salts. A few other metallic ions (T1+ Pb++, and Sn++) are able, in 
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aqueous solutions, to form complexes which can be excited to fluo- 
rescence {521,522,612,1304). In addition the cyanoplatinites are 
to be mentioned and, finally, some derivatives of siloxene which, 
owing to their ring structure, have much in common with aromatic 
compounds. It is doubtful whether the tungstates, molybdates, and 
some similar salts should be included in this class for, although many 
crystals containing these ions are strongly photoluminescent without 
being appreciably contaminated by an impurity, nothing is known 
about their fluorescence in other than the crystalline state. Thus, they 
may be classified as belonging to the mineral crystal phosphors. 

Although only a relatively small number of inorganic compounds 
must be considered here, organic chemistry provides an almost un- 
bounded wealth of examples, especially in the class of aromatic and 
polycyclic compounds, beginning with benzene and reaching to the 
most highly complex dyestuffs. 

No less numerous are the substances belonging to the last main 
class of materials which arc luminescent in the solid state. They are 
called “crystal phosphors,”* As indicated by this designation, it is no 
longer an individual molecule which is luminescent by itself. The 
ability to re-emit absorbed radiation as light is intimately related to 
the condition that the molecules form a part of a cr>^stal lattice ; in 
most cases the luminescence is due to the incorporation of minute 
impurities into the “base material” of the crystal. 

In general, only fluorescence is observed in liquids and most 
frequently it is a fluorescence of very short duration. Very weak 
phosphorescence has been obtained, however, with some liquid dye 
solutions {136,245,^226). Although a strong afterglow of considerable 
duration is observed with many solids (glasses as well as crystals), 
phosphorescence lasting many hours, and even days, after the end of 
the excitation seems to be a specific property of crystal phosphors 
“activated'' by impurities. 

97. Energy Transfer from the Absorbing to the Emitting Mecba- 
nism. In the isolated complex molecules of a vapor, radiant energy 
can be absorbed in one part of a molecule and pass into another 
part the characteristic fluorescence of which is subsequently emitted. 
If collisions occur, the electronic energy of an excited molecule can be 
transferred to the colliding molecule with subsequent emission of 
“sensitized fluorescence." Similar processes may take place in con- 

* Many organic compounds are luminescent in the crystalline state, and 
so are uranyl salts and the platinous cyanides, but in these cases the crystalline 
form is not an essential condition for the occurrence of luminescence. 
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densed systems. The first type is observed at its best with certain 
complex rare-earth salts in liquid solutions. 

The excitation and fluorescence spectra of crystalline or dissolved 
inorganic europium salts (nitrates, sulfates, etc.) are confined to 
several groups of narrow lines, and the fluorescence intensity which 
can be attained is weak. Organic salts of europium, such as the salicyl- 
aldehyde or the benzoyl acctonatc, have strong continuous absorption 
bands between 3200 and 4400A, and the characteristic europium linc- 
fluorescence is excited with great intensity if the salt is irradiated with 
light of any wavelength between these limits. It is certain that the 
broad absorption bands which appear also in the absorption spectra of 
the organic compounds containing no rare earth arc not connected 
with an electronic transition witliin th(‘ europium ion. The excitation 
of the internal electronic system of Eu+++ is caused by light absorption 
in another part of the complex molecule. The efficiency of the energy 
transfer seems to depend a great deal upon the nature of the bond 
between the rare-earth ion and the absorbing radical. It is best in the 
purely covalent, benzene -soluble benzoyl acetonate, less good in the 
picrate, and completely missing in europium cyanoplatinite crystals 
with their purely ionic bonds {i8i6). 

Probability of the energy transfer must also depend, however, on 
still other conditions, for the same compounds which provide the 
strongest europium fluorescence are quite inefficient with terbium. On 
the other hand, the green terbium line-fluorescence is excited with 
great brilliancy by liglit absorption in tlie u.v. bands of terbium 
acetoacetanilide, while the corresponding europium compound is very 
slightly fluorescent. 

The converse effect has been obtained by Tomaschek. The 
excitation of the blue-violet fluorescence characteristic of organic 
acids by the Hg-lines at 3 1 30A is greatly enhanced in the gadolinium 
salts of these acids (for instance, gadolinium salicylate) which in 
addition to the normal absorption bands of the acids show the 
typical absorption lines of the trivalent gadolinium ion in the vicinity 
of 3130A (Section 140). The violet fluorescence of the europium salts 
of the same organic acids is only very slightly excited by the Hg-lines 
at 3130A, while the fluorescence of the gadolinium and of the 
europium salts is excited with equal rather low intensity by the Hg- 
lines at 3650A which are not selectively absorbed by either of the 
rare-earth ions {i6g8c). 

While the phenomena described in the last paragraphs may be 
designated as internally sensitized fluorescence, the experimental 
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proofs for the occurrence of externally sensitized fluorescence in 
liquid solutions are rather unconvincing. 

In crystals still other means of energy transfer from an absorbing 
to an emitting center must be taken under consideration; “internal 
photoelectric effect ’’and “exciton migration. ’’These might be regarded 
as belonging to the category of energy transfer within a complex 
molecule, insofar as a crystal can be treated as a huge polyatomic 
molecule. In the first instance, an electron is completely detached by 
light absorption from its normal location and, transporting a certain 
amount of energy, it travels across the crystal lattice until it excites 
light emission at another point within the crystal. Exciton migration 
is a purely quantum-mechanical resonance phenomenon ; in a certain 
way it is similar to the diffusion of a resonance light quantum in the 
“imprisoned radiation” of mercury vapor. However, the total time 
during which the photon remains within the vapor as imprisoned 
radiation is the sum of the individual lifetimes of the single excited 
atoms, while, in a crystal, the total lifetime corresponding to exciton 
migration becomes shorter in the same ratio as the number of identical 
crystal elements which take part in the resonance process becomes 
larger. The excitation energy does not belong to an individual element 
at any moment, but simultaneously to all of them; the probability of 
emission increases correspondingly, and if the crystal is homogeneous 
it is not possible to determine whether the absorbing and the emitting 
centers are the same or not. If the crystal contains an impurity with a 
characteristic emission band of its own, light absorption may be due 
to the base lattice, through which the energy travels as an exciton 
until it reaches the impurity center where, finally, the radiation is 
emitted. 

Both phenomena are of wspecial importance for crystal phosphors. 
As these differ in many respects from other classes of luminescent liq- 
uids and solids, it seems advisable to treat their properties separately! 
But photoconductivity and exciton migration can also occur in 
luminescent crystals which do not belong to the class of “crystal 
phovsphors” and, thus, they should be mentioned here {14 jb, 428, 1803). 
Leaving the crystal phosphors aside, the properties more or less 
common to all othfer photoluminescent solids and liquids are collected 
in the following sections, while in later chapters the principal classes 
of fluorescent substances are treated. This division of the material, 
although leading to some repetition or overlapping, seems to be the 
best way by which a more general understanding of the phenomena 
can be attained. The crystal phosphors are dealt with in the last chapter. 
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B. Course of the Emission Process 

98, Fluorescence and Phosphorescence. It has already been men- 
tioned in the introductory chapter that, in the present state of 
knowledge and experimental technique, the duration of the emission 
process does not supply an unequivocal method of distinction between 
fluorescence and phosphorescence. J. Becquercl held the opinion that 
no essential difference really existed between the two kinds of photo- 
luminescence, and that there was a continuous transition from the 
first to the second. As w'e know now, the situation is complicated by 
the fact that typical fluorescence is not inconsistent with a relatively 
long afterglow. For phenomena of this kind, F. Perrin introduced the 
term “fluorescence of long duration,” which, for the sake of brevity, 
wall be replaced here by ''slow fluorescence” {A, 2^2, 1221 ). 

An instance in which all possible luminescence processes can b(‘ 
observed and which corresponds to the energy-level diagram of Figure* 
1 is provided by mercur}^ vapor which is excited, at room temperature 
and in the'presence of nitrogen, by the absorption of the resonance line 
2537A. Some of the excited atoms re-emit the line as fluorescence 
within the normal lifetime (10“'^ sec) of the state other atoms are 
transferred by collisions with nitrogen molecules into the metastable 
state G^Pq. Some of these emit the forbidden line 2G55A and thus 
return to the ground state by a relatively improbable transition which 
has a much longer decay period and must be designated as slow 
fluorescence. Other G^Po-atoms are brought back to the ^P^-state by 
collisions with nitrogen molecules of sufficient energy, and the final 
process is, once more, emission of the resonance line. Jhe duration of 
this afterglow depends primarily on the frequency of collisions with 
sufficient energy (in other words, on the temperature) and is a typical 
phosphorescence . 

For the complex molecules which have to be considered in these 
paragraphs, the energy levels and the corresponding transition proba- 
bilities are almost never as well known as they are in the example of 
the mercury atom. Nevertheless, it is possible also to give here general 
criteria for the discrimination between fluorescence and phosphores- 
cence. Becquerel’s hypothesis seemed, at first, to be corroborated by 
an experimental result. Wiedemann and Schmidt found that while 
liquid dye solutions showed only fluorescence with no measurable 
afterglow, a phosphorescence could be observed and its duration could 
be increased if the viscosity of the solution was increased by the 
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addition of gelatin A similar afterglow could be observed 

when the dye was dissolved in various solids such as sugar, benzoic 
acid, albumen, etc. Later, however, Vavilov and Levshin proved that 
there was no graduad increase of the duration of luminescence but 
that in the solid solutions the fluorescence retained the same short 
lifetime, of the order of magnitude of 5 - 10 ~® sec, and that a second 
process of much longer lifetime was superimposed on this fluorescence 
{1766). Boudin was the first to observe a phosphorescence lasting 
about 10 ”^ sec in a diluted eosin solution in glycerol free of oxygen 
which was placed in a Becquerel phosphoroscope. Kautsky obtained 
similar results with aqueous and alcoholic solutions of eosin, erythrosin, 
rose bengale, phloxin, and porphyrin; the relatively strong afterglow 
of chlorophyll could be observed only when the dye was dissolved in 
pure isoamylamine [136,46^,7^0 J 453 M54)- 

In every one of these cases the fluorescence and the phosphor- 
escence are excited by light of the same wavelength and their emission 
spectra are identical : the light absorption leads to, and the emission 
starts from, the same excited level. It is obvious that the relatively 
stable state to which some of the excited molecules are transferred and 
which causes the appearance of phosphorescence is characteristic of 
the molecule itself; the phosphorescence is weak or completely miss- 
ing in liquid solutions only because the probability of some sort of 
quenching process is much greater in this case. When phosphor- 
escence occurs, the intensity of the luminescence drops to a much 
lower level at the moment when the primary radiation is cut off; from 
there on, it decays continuously to zero. 

If an afterglow can be observed in a phosphoroscope or even 
without such an instrument, and if the intensity curve shows no 
discontinuous break immediately after the end of the excitation, the 
afterglow is not phosphorescence but a slow fluorescence [corre- 
sponding to the emission of the forbidden line by the Hg (G^Pq)- 
atoms]. If this afterglow lasts only a few thousandths of a second or 
less, the bands corresponding to the same electronic transition are 
observable also in the absorption spectrum, and the slow fluorescence 
can be excited “directly” by light absorption in these bands (272 
1218,1227,1767), 

Many organic substances can be excited to emit a slow fluo- 
rescence different in color from their normal fluorescence and lasting 
several seconds. In general no band corresponding to the forbidden 
electronic transition which produces this slow fluorescence is found in 
the absorption spectrum; emission is excited by light absorption in 
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the normal absorption bands of the substance, exactly as emission 
of the forbidden Hg-line is excited by absorption of the mercury 
resonance line and a subsequent transfer of the atoms to the metastable 
state: it is an “indirectly excited” slow fluorescence. It has already 
been stated that the visible slow fluorescence of £0++"^ and l'b+++ 
which can be excited directly is excited indirectly, with much greater 
intensity, in certain complex organic compounds {1816). 

The long lifetimes of the states Af from which phosphorescence 
and indirectly excited slow fluorescence originate need not be due [as 
in the case of Hg(6^Po)], or at least may not be due exclusively, to 
electronic selection rules according to which certain transitions are 
forbidden or, rather, extremely improbable. Existence of longlived high- 
eneigy modiflcations of polyatomic molecules can also be explained 
by applying the Eranck-Condon principle and by assuming that the 
atomic nuclei have an equilibrium configuration in state Af which does 
not correspond to any configuration occurring in the electronic ground 
state. Under these conditions, a radiating spontaneous transition 
from M to N has an exceedingly small probability. Franck and 
Livingston, therefore, call the state M a tautomeric modification of 
the molecule. With a less specific designation, which may be applied 
also to the analogous phenomenon in crystal phosphors all states 
which owe their long life to the Franck-Condon principle will be 
classified as “quasi-stable,” in contradistinction to those which are 
“metastable” because of an electronic selection rule (424). 

The duration of a fluorescence process is essentially independent 
of external conditions insofar as this duration is determined by internal 
transition probabilities. If the mean life tq of an excited state is short- 
ened by a quenching process which might depend on the temperature 
this is, according to Equation (8), (compare Section 4 , page 6) always 
accompanied by a proportional decrease in the total luminescence 
yield. Apart from such secondary effects, the temperature has no 
influence on the duration of fluorescence. As a matter of fact the after- 
glow of the uranyl salts or of the slow fluorescence bands of dyestuffs 
is very nearly the same at room temperature as at liquid-air tempera- 
ture (g2yaj22y,i302). On the other hand, it follows from the energy- 
level diagram of Figure 1 that the duration of a real phosphorescence is 
fundamentally a function of temperature, since the energy deficiency 
F — Af = £ must be provided by thermal fluctuations. The lower 
the temperature, the longer is the average time interval elapsing 
before the necessary energy is supplied to Af . Below a certain tempera- 
ture the return from M to F will practically not occur at all, while the 
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passage from N to F by light absorption and the transition from F 
to M is not impeded. 

Thus, the phosphorescence is excited and “frozen in.’' If the 
temperature is subsequently raised, the absorbed energy is set free 
and re-emitted without new excitation as a brilliant flash. This phe- 
nomenon was discovered by Dewar when he immersed barium 
cyanoplatinite* in liquid air (28 j). Even if the platinite is kept after 
excitation in the dark at low temperature for an hour or more, a bright 
light emission takes place when the liquid air is removed. Similar 
phenomena occur in the phosphorescence of solid dye solutions, though 
with smaller efficiency. The most brilliant examples of “frozen-in“ 
phosphorescence are found in certain crystal phosphors. All so-called 
thermoluminescence is nothing but phosphorescence which already 
is frozen in at room temperature. 

99. Decay Curves. All emission processes treated in this chapter, 
normal and slow fluorescence as well as phosphorescence, are mono- 
molecular (first-order) processes. Hence, according to theor(itical 
expectation, their decay curves should all be simple exponentials: 

1 — 1qC~^^ , with a -- 1/t (60) 

From fluorometric measurements and other more indirect methods, 
the fluorescence of liquid dye solutions is known to have a lifetime 
usually not exceeding 5- 10”® sec. Tlie shape of the decay cuive during 
so short a period has not yet been d(dermined by direct experiments. 
However, the assumption of an exponential decay of the fluorescence 
of dye solutions is supported by tlie fact that calculations based on 
this hypothesis yield identical values for the lifetimes of excited dye 
molecules when widely differing .shutter frequencies are used for ob- 
taining the fluorometer curves, from which the r- values are derived 
(compare Figure 4) (1623). Another result of fluorometric measure- 
ments, which was obtained by Cram and later confirmed by Thumer- 
man, must be mentioned in this connection. Fluorometer curves 
corresponding to the fluorescence of various dye solutions at low 
temperatures could be interpreted only by supposing that a dark 
interval of the order of magnitude of 10”^ sec occurred between the 
end of the excitation and the beginning of the emission, while the 
latter proceeded from there on with the normal decay period of 5* 10”^ 
sec {243jyog), The interpretation of several earlier experiments which 
seemed to prove the existence of a dark interval between the end 

* At room temperature, this compound shows only a short-lived fluo- 
rescence. 
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of the excitation and the beginning of the emission in fluorescing 
so 4 utions were based on erroneous assiumpt ions concerning the methods 
used in these experiments (464,52^,638,1884). Cramps and Thumer- 
man’s papers do not seem to contain any fallacies of this kind, but 
no theoretical interpretation of their unexpected results has been 
found so far (Compare Section 78 ). 

For slower fluorescence processes a direct observation of the decay 
is possible and, in all cases in which measurements were made, the 
results were in satisfactory agreement with an exponential decay. 

Nichols and Merritt, to whom we are indebted for much important 
research on the fluorescence of uranyl salts, were of the opinion that 
this luminescence originated from a bimolecular reaction and that its 
intensity after the end of the excitation should, therefore, be repre- 
sented as a function of time by an equation of the type; 

/ = Cr2 ( 61 ) 

From their experiments they derived for every uranyl salt several (in 
most instances, three) different values of the constant C for different 
intervals of time t, and so the curve representing 7 *’^ as a function of t 
was a broken line consisting of three straight branches (Figure 95 ). 




Fig. 95 . Decay of fluorescence of 
uranyl salts at intensities of the 

exciting radiation varying from Fig. 96 . The values of Figure 95 

2.8 to 51.0 (in arbitrary units) in a plot of log 7 versus ^ [Vavilov 

(Nichols and Merritt). and Levshin (1767)]. 

Vavilov and Levshin showed, however, that all results published by 
Nichols and Merritt, as well as a great number of new observations of 
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their own, were represented without exception as straight lines on log I 
versus diagrams, in accordance with Equation (60) (Figure 96) 
iii6,iy6y). 

The same has been proved by various authors for the phosphoi - 
escence and for the slow fluorescence of solid dyestuff solutions, 
platinum cyanides, canary glass, and other luminescent compounds 
with values of t larger than 10~^ 
sec (Figure 97). Minor deviations 
from strictly logarithmic decay 
curves which were occasionally ob- 
served probably can be ascribed to 
secondary effects (459f>9^5>9^7^^ 

930, 1302 , 1428 jyy 2 ) . 

For instance, if, in a solid 
solution with a luminescence yield 
less than 100 %, the solvent mole- 
cules surrounding the individual 
molecules of the luminescent com- 
pound do not have identical 
configurations, the excited mole- 
cules may have unequal proba- 
bilities of transferring theif* exci- 
tation energy to the solvent. 

Thus they would have slightly 
different mean life times and the 
decay curve would correspond 
to the superposition of numerous 
exponentials with slightly different exponents. 

As mentioned in the foregoing section, the coefficient a in Equa- 
tion (60) is a function of ’temperature for phosphorescence processes. 
In the first approximation the relation between a and the absolute 
temperature T is also exponential: 

a — or log a — b c- T~^ (62) 

where e == F M or the heat of activation of the phosphorescence- 

process. s is nearly constant but varies slightly with the temperature , 
it determines the probability with which the process occurs when the 
energy s is provided by thermal fluctuations. 

The decay of a simple band whether fluorescence or phosphores- 
cence, is always uniform for all parts of the band. This has been proved by 
direct observation for the slow fluorescence of uranyl salts and rare- 
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Fig. 97. Decay of the luminescence 
of trypaflavine adsorbed on silica 
gel (Pringsheim and Vogels) . 
a : green phosphorescence a t 
+ 39° C. b : the same at — 18°. 
c: orange slow fluorescence 
at — 180° C. 




296 


CONDENSED SYSTEMS 


earth ions, and for the fluorescence and phosphorescence of dyes in 
solid solutions ; it has been proved by indirect methods for the vshort- 
lived fluorescence of liquid dye solutions. In every instance where the 
color of the luminescence varies during the period of the afterglow, 
it could be shown that two emission bands of different spectral com- 
position and with different lifetimes were superimposed. An example is 
the green phosphorescence band and the yellow band of slow fluo- 
rescence emitted by trypafiavine in solid solution at — 40° C {g2ya, 
1302), 

^An}^ light emission which is excited by light absorption must 
have a certain period of growth or “induction” corresponding inversely 
to the decay period. With a long-lasting constant irradiation the 
luminescence reaches a limiting or equilibrium value Iq when the num- 
ber of molecules excited per second by light absorption is equal to the 
number deactivated by emission : 

dnjdt A — aWo ~ 0; /q — an^ =- A ; a — 1 /tq (63) 

Absorbed energy A and emitted energy I are measured in quantum 
units, and no quenching processes of any kind are assumed to exist in 
this simple treatment. 

In analogy to the mean lifetime tq at the end of which the inten- 
sity has dropped from Iq to I = aftt^r the termination of the 
excitation, the mean induction period can be defined as the time 
elapsed from the beginning of the excitation until the luminescence 
has attained the intensity: 

/ = (1 — i/e}/^ (64a) 

If the luminescence is due to the same electronic transition as the 
absorption and both have the same transition probability (an assump- 
tion which is valid for practically all directly excited fluorescence 
processes), and ^ are equal, irrespective of the absolute value of tq. 
This follows from the integration of Equation (63) for dnjdt > 0: 

n ~ (f — for / ~ To = i?' (64b) 

If, on the other hand, the duration of the luminescence depends par- 
tially on transition probabilities which have no influence on the ab- 
sorption process, as in phosphorescence and indirectly excited slow 
fluorescence, the mean induction period can never be longer than the 
mean decay period, but it can be much shorter. Under these conditions, 
tq and ^ are no longer connected by a definite relation. Temperature 
determines the duration of phosphorescence because it determines the 
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transition probability from M to F, but it has no influence on the 
absorption process. If the intensity of the exciting irradiation is kept 
constant, a decrease in temperature increases the number of molecules 
which remain in the quasi-stable state; eventually, practically all 
molecules have been transferred into this state when equilibrium is 
reached. The phosphor is then “fully excited” or “saturated.” Greater 
intensity of the exciting light produces saturation within a shorter 
time, while this leaves the decay period of the phosphorescence un- 
altered. vSimilar considerations are valid for indirectly excited slow 
fluorescence. 

The existence of an induction period was discovered by Becquerel 
in luminescence processes which are now classified as slow fluorescence. 
The phenomenon is easily pbserved in the slow fluorescence of organic 
compounds at low temperatures (for instance, Kowalski’s “progressive 
phosphorescence”; compare Section 136) and in the phosphorescence 
of many cr\\stal phosphors { 815 ), 

100. Luminescence Intensity and ‘‘Light Sum” L. Under the 
coriditions stated in the last section, according to which the periods of 
growth and decay of luminescence are equal, the relative number of 
excited molecules always remains small compared to the total number 
of unexcited molecules, even if the primary radiation has a very high 
intensity. Therefore, the fluorescence intensity is strictly proportional 
to the intensity of the exciting light over the widest obtainable range 
{ 582 ). This is no longer true if, in the course of a phosphorescence 
excitation process, a relatively great number of molecules is trans- 
ferred into a quasi-stable state M, Under these conditions, the phos- 
phorescence intensity reached at the end of the excitation process 
tends toward its saturation value A further increase of the primary 
intensity has no appreciable influence on this value. Figure 98 shows 
the phosphoresc5ence intensity of fluorescein dissolved in vitrified boric 
acid at 18° C as a function of the strength of the primary radiation ; if 
the intensity of the exciting light is reduced to one-half of its maximum 
value, the phosphorescence decreases by only about 12%. Similar 
curves were obtained for the slow fluorescence of the same solid 
solution at — 185° C { 930 ). 

For any kind of fluorescence, regardless of its duration and its 
mode of excitation, the intensity of the secondary radiation is a direct 
measure of the number of excited molecules present at the moment of 
observation, according to Equation (63), in which constant a depends 
only on the nature of the luminescent molecule. On the other hand, the 
intensity of a phosphorescence can be very small or even zero at the 
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end of the excitation period in a fully excited phosphor. Hence, the 
number of excited molecules present' at a given moment is no longer 
proportional to the actual intensity of luminescence but to the total 
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Fig. 98. Intensity of the phosphorescence of 
fluorescein in boric acid as a function of the 
exciting radiation at 18^ C (Lewis, Lipkins, 
and Magel). 

number of light quanta the substance is still able to emit without new 
excitation, or to the “light sum” L stored in the phosphor: 

OO CO 

L/ = j" I dt or J ^ — dLjdt and j e^^dt — /qT (65) 

'i *0 

If a simple exponential deca} is assumed for /, L is also an exponential : 

L = ( 66 ) 

If T is known, /q and Lq can be derived from the measurement of 1 
at any given moment after the end of the excitation. As long as r 
is constant, Iq and Lq are proportional to I at any given time t, and in 
order to find, for instance, the relative change of Iq or Lq with varying 
intensities of the primary light it is sufficient always to measure I at 
the same time t after the end of excitation under the varying conditions 
of irradiation. 

If the intensity of the primary radiation is far below the saturation 
value,* Iq is equal to A [Equation (63)] as soon as the equilibrium 
state is reached and according to Equation (65) the light sum or the 
total energy stored in a phosphor at a given intensity of primary 
radiation increases proportionally with r. If experimental results 

♦ This condition is fulfilled in almost all cases of afterglow not exceeding 
a few seconds. 
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disagree with this conclusion, some kind of quenching process must 
compete with tlie luminescence emission. In the other limiting case, 
when saturation is reached either because the exciting radiation is 
extremely strong or because the lifetime r is very long, has always 
the same value at the end of the excitation period, while Iq decreases 
with increasing r for instance, when the temperature is lowered. 

In a saturated phosphor, is proportional to the total yield Q 
even in the presence of some quenching process, while Iq, being a 
function of t, is not directly connected with Q. If, on the other hand, 
the phosphor is far from being saturated, 1^ is proportional to Q, 
r(‘gardless of the valui‘ of r, while Lq would increase with an increase 
of T according to Equation (66). (In the case of saturation, would 
decrease with decreasing temperature at a constant value of Q\ far 
below saturation, the luminescence intensity is always QA after 

equilibrium is r(‘ached). 


C. Emission, Absorption, and Excitation Spectra 


101. Band Width, Stokes’ Law, and the Franck-Condon Principle. 

The energy levels of a lumine.scent molecule are influenced in two 
different ways by the continuous and fluctuating interaction with the 
surrounding medium, lender this influence the eneigy of a level is not 
sharply determined, but \'aries at every instant for differently located 
molecules and varies with time for every individual molecule. The 
broadening of the energy levels is due to the electronic rather than to 
the vibrational part of the total energy, since the Raman lines due to 
intramolecular vibrations are nearly as narrow in liquids as in vapors. 
Equally sharp fluorescence lines are very' infrequent in condensed 
media; they occur exclusively in crystals at low temperatures. As a 
second consequence of the continuous energy' exchange with the sur- 
rounding medium, no vibrational energy transferred to a molecule by' 
the absorption process can be retained by^ the molecule during the 
period elapsing before the re-emission takes place. Therefore, the 
emission process always originates from one of the lowest vibrational 
levels of the excited molecule. 

Lenard was probably the first to ascribe the great width of th(" 
bands in the emission spectra of crystal phosphors to the fluctuation 
of the molecular fields. The problem of the band width and of the 
spectral displacement of the fluorescence bands with respect to the 
absorption bands has been treated by Jablonski on the basis of the 
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Franck-Condon principle. His considerations were essentially the 
same as those used for polyatomic vapors at high pressures. The energy 
of an individual state, however, no longer depends only on the 
electronic and vibrational energy of the molecule itself, but is affected 
by the configuration of the surrounding molecules which may have 
different equilibrium distributions if the electronic state of the mole- 
cule is changed. All these parameters are now included in the represen- 
tation of the potential energy by “configuration potential curves.” 
The latter admittedly give a rather incomplete picture of the real 
situation, but are easier to visualize than polydimensional potential 
surfaces. In general, the minima of the curves representing the ground 
state and the excited state do not have the same abscissas; due to 
zero-point energy and thermal fluctuations, the molecules do not 
occupy these minima but oscillate about them with a Maxwellian 
distribution. Because of this distribution in the ground state, the ab- 
sorption band has an appreciable width and an approximatively 
symmetrical intensity distribution around a center, which corresponds 
to the vertical transition from the minimum of the lower curve to the 
upper curve. After re-establishment of thermal equilibrium in the 
excited state, which corresponds again to a Maxwellian distribution, 
the return to the ground state produces an emission band of about the 
same width and shape which were characteristic of the absorption 
band and with a center of gravity which must always be shifted in the 

direction of longer wavelengths (Figure 99) 

(659)- 

The intensity distribution within the 
emission band is independent of the exact 
wavelength of the exciting light ( 656 ). 
Only if thermal equilibrium should not be 
re-established during the lifetime of the 
excited state would the energy distribution 
in the luminescence band be more or less 
influenced by the wavelength of the exciting 
radiation. Experiments which seemed to 
show the existence of such an effect were 
performed by Starkiewicz on dye solutions 
in water-free glycerol and were explained 
by the slower energy exchange in a highly 
viscous medium. .However, these experi- 
ments are not very conclusive ( 1555 ). [A 
similar effect was described by Gudden 



Fig. 99. Potential curves 
for fluorescence in a con- 
densed system 
(Jablonski). 
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in the fluorescence of certain crystal phosphors and was explained by 
the same assumption (5j6).] 

Corresponding to the “anti-Stokes” terms in the resonance 
spectra of diatomic vapors, small departures from the strict form of 
Stokes’ law also occur in the fluorescence of condensed systems. The 
question of the possibility of exciting fluorescence by light of wave- 
lengths longer than that of the secondary radiation has been 
the subject of much discussion; eventually it was proved that the 
whole fluorescence band is emitted even if the lumine.scence is excited 
by a line w'hich lies inside the range of the emission band. This means 
only that the absorption (or excitation) band and the fluorescence 
band overlap. Theoretically it is explained by the same assumption as 
every anti-Stokes fluorescence, namely, that a part of the excitation 
energy is supplied b\^ the thermal energy of the surrounding medium. 
The center of the absorption band, however, is always displaced in 
the direction of shorter wavelengths with respect to the emission 
band { 814 ). 

The effect of temperature on the appearance of anti-Stokes 
fluorescence has been demonstrated very convincingly by Wood, who 
excited the fluorescence of an aqueous uranin solution by light of the 
longest wavelength capable of stimulating fluorescence at room tem- 
perature, The inteUvSity of the fluore.scence was enhanced considerably 
by heating the solution to 100° C; this is not due to an increase in 
fluorescence yield, but to an increase in absorption at the long- 
wavelength end of the absorption band. At higher temperatures a 
greater fraction of the molecules in the electronic ground state populate 
the higher vibrational levels and thus absorb light of greater wave- 
length. The gain in anti-Stokes fluorescence exceeds even the apparent 
gain in fluorescence intensity, because simultaneously and for analo- 
gous reasons the emission band stretches farther in the direction of 
shorter wavelengths [i 8 g 2 ). 

If the lowest points in the potential curves N and F of Fig. 99 
have widely different abscissas, a broad interval separates the long- 
wavelength end of the absorption band and the short-wavelength 
end of the emission band. Otherwise the two bands overlap, and, if the 
secondary radiation has to travel a considerable distance before 
emerging from the fluorescent medium, a part of the fluorescence light 
is reabsorbed in this medium. An apparent displacement of the center 
of the emission band can be produced thereby, but such an effect is by 
no means able to explain the “Stokes shift,'’ as was assumed by 
J. Stark ; without the independent existence of the Stokes shift, a band 
Pringsheim 11 
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reversal and not a displacement of the center of the band would be the 
result of reabsorption. 

In order to obtain the real spectral intensity distribution within 
a fluorescence band, either the emission by an infinitely thin layer or 
by a very dilute solution must be investigated, or the observations 
must be extrapolated to these limiting values by measuring the 
spectral distribution of the absorbing power of the fluorescing medium 
and integrating over the radiation coming from different depths. 



Fig. 100a. Mirror symmetry of absorption and 
fluorescence bands. 

Rhodamine 6 G in ethanol (I^ycvshin). 

102. So-called Mirror Symmetry. The diagram of Figure 99 ex- 
plains the general analogy between the absorption and emission bands 
and the fact that changes in temperature affect the two types of bands 
in a similar way. It also determines the limits beyond which the fre- 
quently quoted, so-called law of mirror symmetry loses its validity. 
This law was first stated by I^vshin on purely empirical grounds. 
It contends that if the intensities of an absorption band and of the 
corresponding fluorescence band are plotted as functions of the 
frequency, the two curves are symmetrical with respect to a fre- 
quency Vo lying halfway between the peaks of the two bands (Figures 
100a and h) (gi 2 -gi 4 ). 

In the simple case of a diatomic molecule such a symmetry exists 
only if the shapes of the potential curves of the combining states are 

♦ The intensities are measured in quanta (//Ay) and the peak of the 
emission curve is given the same value as the peak of the absorption curve. 
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the same and if, consequently, the vibrational frequencies a>Q and 
as well as their anharmonicities and co'x' are identical in both 
electronic states. Under these conditions the center of symmetry 
corresponds to the — >0'band which coincides with all other tran- 

sitions Av — 0 and has the greatest intensit}^ in both the absorption 
and the emission spectrum. If, on the other hand, the potential curve 
of the excited state is appreciably shifted with respect to that of the 
ground state, the transition 0"< — >0' has a vanishing probability and 



Fig. 1006 . Mirror symmetry of absorption and fluorescence 
bands. 

Triphenylmethyl in pcntane-ether-etlianol mixture 
at — 190° C (Lewis, Lipkin, and Magel). 


the two spectra no longer overlap. At the same time the vibrational 
frequencies and the values of the tax's differ in the two electronic 
states, and, if cu" is larger than w', the absorption spectrum (repre- 
sented by the progression tj'" = 0, = 0, 1, 2 . . .) is compressed into 

a smaller frequency range than the fluorescence spectrum (t;' = 0, 
1)'' = 0, 1,2 ...): the symmetry law does not hold. 

These considerations, which are strictly correct only for diatomic 
molecules, can be applied also to polyatomic molecules with several 
vibrational frequencies C03, etc., if a progression of one of these 

frequencies (e.g., is the predominant feature of their spectra. The 
spectra of benzene and of the uranyl salts, which have been quoted 
by Levshin as examples of the mirror symmetry, belong to this class. 
In the emission spectra of both, the spacings between the main band 
groups are appreciably larger than those in the absorption spectra. 
Moreover* the intensity distribution in the absorption and fluorescence 




304 


CONDENSED SYSTEMS 


spectra of the uranyl salts differs widely. While the fluorescence 
spectrum consists of bands due to a single electronic transition, the 
corresponding band system in the absorption spectrum is overlapped 
by bands with slightly different spacings which are due to transitions 
to several higher electronic states ; eventually these overlapping band 
systems merge into a continuum which probably is connected with a 
photodissociation process (Fig. 101) (1288, 128g). 

The conditions are essentially different if the first band in the 




Fig. lUl. Absorption and flu- 
orescence spectra of uranyl 
sulfate in aqueous solution 
(Pringsheim). 
a : absorption in laytrs of 
increasing thickness. 
b: fluorescence. 


absorption spectrum and the fluorescence band of a polyatomic mole- 
cule do not correspond to a progression of the type assumed above, 
but to a single vibrational transition — 0 oj\ ~ \ and == 0 -> 
coj = 1, respectively, on which vibrational frequencies cug, . . . are 
superimposed. The electronic excitation may affect only the frequency, 
tuj, while the internuclear bonds which determine the other vi- 
brational frequencies remain practically unaltered. The band group 
is then represented in the absorption spectrum by the frequencies 
+ a>2, -f <03, . . . and in the fluorescence spectrum by the 
frequencies — cug, — ^>3, . . . (or 2a>i, -f a>2, etc., ac- 

cording to the relative displacement of the two potential curves) and 
the center of symmetry is no longer the missing band but a 

point halfway between the two bands, which are separated by the 
frequency gap (x>\ + (compare Section 83, g). 

An example of this kind seems to be represented by the ab- 
sorption and fluorescence spectra of the radical tripheny) methyl 
(Figure lOOJ). Pauling pointed out that the frequency differences 
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occurring between the individual band maxima of these spectra were 
in fair agreement with Raman frequencies of other compounds con- 
taining the same bonds. Another case of a similar nature is discussed 
more fully in Section 134 {^ 32 , 1201 ). 

Levshin has collected a great many examples of dye solutions for 
which his symmetry postulate holds even if the absorption and fluo- 
rescence bands undergo appreciable changes by variation of tempera- 
ture, choice of solvent, etc. (Figure 100a). In these examples, both 
bands are influenced in the same way by the changing conditions 

(914)- 

Table 52 

Wavelengths of the Absorption and Fluorescence Band Peaks 
OF Merocyantne Dyes in Dtffericnt Solvents 


Solvent 

n 

r 

- 1 

1 n -- 2 

n : 

== 3 

Abs. 

FI. 

Abs! 

FI. 

Abs. 

FJ. 

Cyclohexane . . . . 

1920 

5480 

5380 

0330 

5700 

(0470) 

Alcohol 

5240 

5590 

0000 

0440 

0340 

7050 

Pyridine -f HgO . . 

5400 

. 5027 

0310 

0510 

7100 ' 

7830 


For other types of dyes, the spectral shift of the absorption band 
can be much larger than the shift of the emission band; thus, the 
gap between absorption and emission bands is altered. Table 52 shows 
this effect for three merocyanines, as given by Brookcr; n indicates 
the number of (CII CH) groups present in the compound Similar 
observations referring to the diphenylpolyenes will be mentioned in 
Section 134. Such a behavior can be ex- 
plained by the assumption that, while the 
ground state and the equilibrium position 
of the excited state are less influenced by 
the nature of the solvent, the slope of the 
upper potential curve is appreciably 
changed, li A ^ and represent the po- 
tential curves of the excited state in two 
solvents, the ab.sorption transitions a-^hy 
and a correspond to different frequ- 
encies, while the emission frequency of the 
transition d remains unaltered (Figure 
102 ). 

The intensity distribution within a 
simple absorption or emission band depends, in the first place, on 

Pringsheim 11* 



Fig. 102. Potential curves 
showing relative shift of 
absorption band by inter- 
action with the solvent. 
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the distribution of vibrational energy in the absorbing or the emitting 
molecules, and, in the second place, on the fluctuations in the con- 
figuration. of the surrounding medium. Since both follow the laws of 
statistics, the spectral intensity-distribution curve of each band 
should also have the shape of a Gaussian error curve as was pointed 
out by Lenard with respect to the phosphorescence bands of crystal 
phosphors. The nearly symmetrical bell shape is lost if, two adjacent 
bands, which may correspond to different electronic transitions, 

overlap. It may be doubtful, 
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however, whether it is cor- 
rect to analyze every inten- 
sity curve which is not 
exactly bell-shaped as the 
superposition of two or 
several Gaussian curves, as 
has been done by Lenard 
and his school. 

103. Fluorescence In- 
tensity as a Function of 
Absorbed Energy. Although, 
5900 A general, every fluores- 
Fig. 103. Absorption, excitation, and emis- cence band is associated 
Sion spectra of eosin in aqueous solution absorption band 

(Nichols and Merritt . ^ , 

corresponding to the same 

electronic transition, the 
excitation of the fluores- 
cence of condensed systems 
is never restricted to this 
narrow spectral region. The introduction of the term “excita- 
tion spectrum” or ‘^excitation distribution” (translating Lenard’s 
“Erregungsverteilung”), which is frequently mentioned in older pu- ' 
blications, was due to the fact that the fortuitous superposition of the 
spectral energy distribution in the primary radiation and in the ab- 
sorption spectrupi of the fluorescent substance was not taken into 
account.* If these are determined by quantitative measurements and 
if the fluorescent intensities are reduced to the values corresponding 
to equal absorbed energies, all spectral selectivity in the exciting power 
of the primary light disappears. 


I. absorption 
II. fluorescence spectrum 

III. noncorrected excitcition .spectrum 

IV. excitation spectrum reduced to equal 
amounts of absorbed energy. 


♦ In his first important paper on fluorescence. Stokes states that fluo- 
rescence is excited only by light which is absorbed by the fluorescent substance 
(^ 5 - 55 )- 
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Nichols and Merritt were the first to prove this; in Figure 103 , 
curves 1 and II represent absorption and fluorescence bands, res- 
pectively, curve III the relative intensities of the fluorescence excited 
by light of various wavelengths transmitted through a monochro- 
mator, and curve IV the specific exciting power as a function of the 
wavelength of the primary radiation {1018,1123-1125), Nichols and 
Merritt’s results were later corroborated and enlarged in two respects. 
Valentiner and Roessiger found that the efficiency of the exciting 
radiation decreased rapidly as soon as the wavelength of the primary 
light became larger than the wavelength corresponding to the peak 



Fig. 104. Quantum yield of the fluores- 
cence of an aqueous solution of fluorescein 
sodium as a function of the exciting 
wavelength (after Vavilov), 

of the fluorescence band. For an aqueous fluorescein solution with the 
maximum of the emission band at 5250 A, the relative efficiency of 
excitation by the line Hg 5461 A was ten times smaller than the 
efficiency of excitation by Hg 4358 A. Such a turning point may be 
indicated by the last point of curve IV and in Figure 103 {1^30,1^31), 
Vavilov, who extended the measurements over a wider spectral range 
of exciting radiation down to 2500 A, showed that the relative efficiency 
increased linearly with the wavelength or inversely with the frequency 
V of the exciting light, the coefficient of proportionality being equal 
to Planck’s constant h. Hence, the fluorescence intensity is propor- 
tional to the number of absorbed light quanta irrespective of the 
wavelength of the exciting light (Figure 104 ) {1242,1748,1750), This 
constancy of the quantum efficiency for exciting light of all wave- 
lengths smaller than that of the emission band has since been proved 
for numerous substances (for instance, esculin, sodium salicylate. 
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chlorophyll, and uranyl salts). Most of these investigations were 
undertaken in order to test the possibility of applying “integrating 
fluorescent screens” to u.v. heterochromatic photometry ( 16 , 140 , 220 , 
271 , 315 , 579 , 581 ). 

The steep drop of efficiency in the region of greater wavelengths 
which has been observed by Valentiner has also ])cen confirmed in 
several instances. This phenomenon cannot be interpreted without 
introducing new assumptions. According to the potential curv(‘s of 
Tdg. 99, the long'Wa\^elength branch of the absorption band is ascribed 
to molecules liaving a relatively high vibrational energy in the 
electronic ground stat('. As the number of these molecules is small, the 
absorption intensity is weak in this part of the band. But there is no 
reason why thovse molecules, once the}^ are lifted by light absorption 
into the excited state, should have a smaller probability of subsequent 
fluorescence emission than any other excited molecules. The fluo- 
rescence intensity excited by a given energy of incident light will be 
relatively small, but the quantum efficiency should still be th(‘ same. 
It can be assumed however, that the wings of the absorption bands 
arc due mainly to molecules which are strongly perturbed by tlie 
interaction with adjacent molecules. According to Franck and 
Rabinowitch, this interaction can last considerably longer than a 
single collision in the gas phase, becaiise of th< so-called cage effect, 
and, thus, internal conversion can be made ]>robable, inhibiting the 
eventual fluorescence re-emission of the absorbed energy. Jablonski 
has suggested that the decrease in fluorescence yield at greater wave- 
lengths may be due to the fact that transitions from the ground state N 
to a quasi-stable state M contribute a considerable fraction to the 
absorption in the long-wavelength part of the normal absorption band. 
It will be shown in Section 136 that the transition from N to M has a 
probability almost 10® times smaller than that of the transition from 
the ground state to the fluorescent state F. On the other hand, the 
absorption coefficient of the dye solution at the wavelength at which 
the yield begins to decline in the curve of Figure 104 is still about one 
per cent of the absorption coefficient at the center of the absorption 
band. Therefore, Jablonski ’s hypothesis does not seem to provide an 
adequate interpretation of Figure 104 (compare Section 120) { 660 , 
679). 

Figure 103 and 104 show that the excitation of fluorescence is not 
restricted to the absorption band which corresponds to the same 
electronic transition, but reaches with unaltered quantum efficiency 
not only into the adjoining region of small absorption, which might 
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stili' be regarded as the tail of this band, but into a second absorption 
band of much shorter wavelength which corresponds to the transition 
into a higher electronic state {N~>G) (compare Figure 129). Under 
these conditions, the emission of the normal fluorescence band F N 
can be only the second part of a stepwise return into the ground state . 
Since the emission of a second fluorescence band corresponding to the 
transition G Fhas never been observed, this transition must be due 
to an internal conversion. It is rather astonishing that the quantum 
effleiency of the fluorescence is the same as when F is reached directly 
by light absorption; it must be assumed that all molecules raised to 



2600 3000 3400 A 


Fig. 105. Absorption and excitation spectra of 
magnesium platinocyanide in aqueous solution 
(Khvostikov). 

a: absorption coefficient in arbitrary units 
h: same with ordinate enlarged 30 times 
c : fluorescence yield 

Straight line calculated according to Ein- 
stein’s law. 


the state G pass into a high vibrational level of F without any losses 
due to a direct return to the ground state. It should be remembered 
that the same behavior was observed with respect to the excitation 
of fluorescence in anthracene vapor. 

While, in general, the fluorescence yield is independent of the 
wavelength of the exciting light, aqueous solutions of cyanoplatinites 
show a different behavior. Their absorption spectrum consists of a band 
in the near ultraviolet with peak at 2780A and long-wave limit at 
3500A, and of a second much stronger and narrower band at 2500A. 
Fluorescence is excited with an energy yield decreasing linearly with 
the wavelength as long as the primary light is absorbed in the first 
band, but the yield drops sharply to zero at the boundar/of the second 
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band. By light absorption in this band the molecules must be raised to 
a state from which fluorescence emission occurs neither directly nor 
indirectly (Figure 105) ( 775 ). 

Not only the fluorescence yield but also the energy distribution 
in the fluorescence spectrum is independent of the wavelength of the 
exciting light for practically all fluorescent compounds (aromatic 
hydrocarbons, dye solutions, rare-earth salts, cyanoplatinites etc.) 
( 656 ), Substances in which different emission bands are excited 
by light of different wavelengths arc exceptional. The fluorescence of 
meldola blue in aqueous solution, for instance, is orange when excited 
by radiation corresponding to its main absorption band (5500-6 100 A) 
and greenish under excitation by bluc-violet light. It is probable that 
these two different fluorescence bands belong to two constituents of 
the commercial dye. The same explanation may be applied to 
the change of the fluorescence spectrum which Andant observed when 
he excited solid alkaloids with light of different wavelengths. In the 
afterglow of malachite green and cr>^stal violet dissolved in glycerol 
at — 100° C, G. N. Lewis obtained the emission of a red band when 
the solution was irradiated with light absorbed in the visible absorption 
bands of the dyes, while a green emission band appeared only under 
irradiation with near u.v. Lewis ascribed the latter to a pseudo-isomer 
formed by the addition of a solvent molecule of the type ROH, of 
which OR goes to the central C-atom and H to one of the nitrogens. 
As a matter of fact, the same green emission bands were obtained in 
the luminescence spectra of the carbinols of malachite green and 
crystal violet dissolved in a mixture of ether, pentane, and ethanol at 
— 183° C* {927a), 

If the influence of various parameters, such as concentration, 
temperature, quenching by foreign molecules, etc., on the fluorescence 
yield is to be investigated, it is sufficient, in general, for the reasons 
stated in the preceding paragraph, to limit the measurements to a 
part of the emission band which is most convenient because of better 
visibility, easy separation from the exciting radiation by complementa- 
ry filters, absence of reabsorption by the fluorescing medium, etc. The 
total fluorescence intensity can be derived from these measurements 
once the intensity distribution in the fluorescence band has been 
determined under favorable experimental conditions. 

♦ Although not mentioned explicitly, it must be supposed that the red 
bands are missing in the emission spectra of the carbinols in glycerol at — 100° C; 
at the temperature of liquid air they would have disappeared also from the 
luminescence spectra of the normal dyes (see Section 136). 
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104* Absorption by Molecules in tbe Excited State. An excited 
mercury atom has absorption lines differing from those of the atom 
in the ground state. Broad absorption bands which originate from 
the groundstate N and an excited state F of a complex molecule in a 
condensed system may more or less overlap, so that light of the same 
frequency can be absorbed by molecules in either of these two states. 
Under any circumstances, however, light absorption by a molecule 
in state N or in state F transfers the molecule to a different upper 
state: either from N to F, or from F to a higher electronic level G. In 
general, the two bands IV -> F and F G will belong to different 
spectral regions. 

In most fluorescence processes the number of excited molecules 
which are to be found at any moment in the state F remains small 
compared to the number of molecules in the ground state, and, there- 
fore, the absorption bands corresponding to transitions F ~> G remain 
below the limit of observability, while the intensity of the absorption 
band N F is apparently constant. No trace of a change in the 
absorption coefficient of a dye solution could be obtained by Vavilov 
and Levshin, even when they used the very highest attainable inten- 
sities provided by a condensed spark as their source of excitation 
and, simultaneously, asbackground for their absorption measurements. 
When they replaced the dye solution by a canary glass with an appreci- 
ably slower decay of luminescence, they found an effect just outside 
the limit of probable error. It must be emphasized, however, that the 
lifetime of the excited state does not affect the relative number of 
excited atoms which are in equilibrium with a given primary radiation, 
as long as absorption and emission correspond to the same electronic 
transition, since a longer lifetime is compensated by weaker ab- 
sorption (1766).* 

The conditions are much more favorable if, as in the experiments 
performed by Lewis and his co-workers, a slow fluorescence is ex- 
cited indirectly by light absorption in a strong absorption band. 
This, for instance, is the case when, at low temperatures, dye molecules 
in solid solution pass from the directly excited state F to a quasi-stable 
state M from which they return to the ground state under emission of 
a slow fluorescence. The normal absorption spectrum of fluorescein in 
boric acid is represented by curve 1 of Figure 106; curve 2 of the figure 
shows the absorption spectrum of the same solution irradiated with 

♦ In canary glass the uranyl fluorescence may, perhaps, be excited in- 
directly by light absorption not taking place in the uranyl ions but in some 
other component of the glass. 
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the very strong light of a high-pressure mercury arc at — 95° C. The 
maximum of curve 1 at 4365A has become much lower in curve 2, 
while an absorption band apparently consisting of two overlapping 
parts with maxima at 5050 and 6500A is greatly enhanced. It belongs, 
beyond doubt, to the excited state M, its small but measurable 
intensity in curve 1 being due to the weak radiation used for the 
absorption measurements. Figure 107 represents the decrease in 
absorption band 1 and the increase in absorption band 2 with in- 
creasing irradiation. It is to be noted that illumination of the excited 
molecules with light absorbed in band 2 has no influence on the fluo- 
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Fig. 106. Absorption spectrum of 
fluorescein in boric acid [Lewis, 
Lipkin, and Magel (pjo)]. 

1 : in ground state TV. 2: ])ar- 
tially excited quasi-stable 
state M. 


Fig, 107. Effect of intensity of 
exciting light on the absorp- 
tion of fluorescein in boric acid 
[I^ewis, Lipkin, and Magel 
(930)]. 

1 : 6500A. 2: 4360A. 


rescence process ; all molecules raised from M by light absorption into 
some higher levels L or K return to M from where the emission process 
originates. Whereas this behavior differs from that of certain crystal 
phosphors, it corresponds to the observations which were described 
in the preceding section. It has been pointed out that all molecules 
of fluorescent organic molecules which are raised by light absorption 
in a short-wavelength absorption band to a higher electronic state are 
transferred from there by radiationless transitions to the excited state 
F and not directly to the ground state N {930), 

During the first decade of this century the existence of a so-called 
fluorescence absorption was the subject of much discussion and of a 
good deal of experimental research. The concept was based on an 
erroneous analogy with Kirchhoff’s and Bunsen's well-known ob- 
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servation that a sodium flame absorbs the same lines (the D-lines) 
which it emits. This observations lead to the inference that the light 
absorption was due to the emitting atoms. However, sodium vapor 
absorbs the D-lines also at temperatures at which no emission occurs, 
and, as a matter of fact, fhe “emitting atoms,” or the atoms in the 
excited state, are the only ones which have no part in the absorption 
process. 7 'he experiments in search of a new absorption band of fluo- 
rescence substances, which was assumed to appear during the emission of 
fluorescence and to coincide exactly with the fluorescence band, seemed 
partially to prove and partially to disprove the hypothesis, but even- 
tually all apparently favorable results could be shown to be caused 
by experimental error. Perhaps the most convincing proof of the non- 
existence of fluorescence absorption was brought forward by J. 
Becquerel. The index of refraction and, thus, the absorption coefficient 
of ruby in the neighborhood of its exceedingly sharp fluorescence lines 
is not altered by a fraction of a per cent when the crystal is excited 
to strong fluorescence { 84 , 1018 , 1126 , 1865 ), 

D. Luminescence Yield as a Function of 
Experimental Conditions 

105. Definition of Yield and Methods of Measuring It. The fluo- 
rescence yield has been defined for gases as the ratio of the total 
intensity emitted by a volume of gas in a certain time to the total 
light intensity absorbed by that volume in the same time. This 
definition remains correct for condensed systems as long as it is 
applied to states of equilibrium during the period of excitation. For 
phosphorescence processes it is not difficult to integrate the energy 
emitted after the end of the excitation, but it is not possible, in general, 
to determine which part of the absorbed energy has been immediately 
re-emitted as fluorescence and which part has been stored in the 
“phosphorescence centers, “ since both processes are excited by light 
of the same wavelengths. 

If a part of the incident light is absorbed by molecules which do 
not contribute to the fluorescence — for instance, molecules of the 
solvent or of a second dissolved substance — this must, if possible, 
be taken into account in calculating the fluorescence yield. 

The light intensities are measured either in energy units such as 
ergs or watt seconds or by the number of quanta comprising the 
radiation. In the first instance, the “energy yield” 0 , and, in the 



314 


CONDENSED SYSTEMS 


second, the ‘‘quantum efficiency” Q, is obtained. The relation between 
0 and Q is given by the equation: Q = where and are 

the wavelengths of the absorbed and emitted radiation, respectively. 
Q is always smaller than, or, in the limiting case of A^ — A^ (resonance 
radiation), equal to 0. Wlien the terms efficiency or yield are used 
without qualification in the following paragraphs, they always refer 
to the quantum yield. 

The same processes which completely inhibit the appearance of 
luminescence in most absorbing systems, according , to Section 95, 
are responsible for values of Q smaller than 100% in fluorescent 
systems. All quenching processes which depend on the varying dis- 
tances between excited and other molecules will obey the Stern- 
Volmer equation in their dependence on the number of “effective 
collisions,” regardless of the specific mechanism by which the ex- 
citation energy is consumed.* 

Processes such as spontaneous predissociation and internal con- 
version, which reduce the fluorescence yield regardless of external 
conditions, have been characterized as “internal quenching” qr 
“quenching of the second kind” by some authors. These processes 
are constitutional features of the luminescent molecules themvselves. 
In this book the term “quenching” is used only for processes by which 
the luminescence of a given compound is reduced below the intensity 
which the same compound would exhibit in the absence of the 
quenching agent { 912 ). 

In order to measure the yield experimentally, two methods are in 
general use. In the first method the depth of the fluorescing layer or 
the concentration of a fluorescent solution is made so great that the 
exciting radiation is completely absorbed in it. If the fluorescence is 
observed backward (from the same side from which the primary light 
enters the solution), the brightness of the fluorescence is directly 
proportional to the efficiency under variable conditions (temperature, 
nature of the solvent, etc.). This remains true, even if the concentration 
of the fluorescent molecules is changed, as long as Beer’s law is valid, 
since in this case the absorption of the exciting radiation and the 
reabsorption of the fluorescence are determined only by the number 
of absorbing molecules in the paths of the two beams and this number 

• It has been known since the early Franck-Cario experiment on the 
mercury-sensitized photodissociation of Hg that the primary quenching process 
is frequently a chemical reaction. This long-established fact is merely reasserted 
by the recently repeated derivation of the Stern-Volmer equation for the 
quenching of the fluorescence in liquid solutions by chemical reactions (x8o6). 
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is not altered by a change in concentration. For the second method, 
fluorescent layers of such reduced thickness or small concentration are 
used that the intensity of the exciting light along the path within the 
fluorescing medium can be supposed to be constant. In this case the 
absorption coefficient of the fluorescent substance for the exciting 
radiation must be determined separately in order to calculate Q, and 
corrections for the reabsorption of the fluorescence must also be 
introduced. 

While measurements of the relative efficiency under variable 
conditions are comparatively simple, absolute values of Q are much 
more difficult to obtain and the corresponding data are scarce and 
not too reliable. For experiments of this kind the intensities of the 
exciting and of the secondary radiation must be measured in the same 
units and, therefore, the spectral sensitivity curve of the measuring 
instrument (photocell or photographic plate) must be known, or, in 
visual photometiy^ a spectrophotometer and a light source with 
known spectral intensity distribution must be used for comparison. 
Furthermore, the fluorescence intensity, which is measured directly 
only within a certain solid angle, has to be integrated over the whole 
sphere. The assumptions which have to be made for this purpose are 
not quite unequivocal, as will be discussed in Section 122. 

Vavilov, who was the first to measure the absolute yield Q for a 
dye solution, used the method of visual photometry ; his results cannot 
claim an accuracy greater than 10 %. Within these limits they are 
in fairly good agreement with those obtained by Hellstroem who used 
a similar method for the determination of the fluorescence yield of 
various dye solutions. Among these was etioporphyrin dissolved in 
ether with the exceedingly low yield of 0.08%. Bowen determined Q 
for anthracene dissolved in benzene by means of his “heterochromatic 
photometer” (see Sectictn 8). All other data concerning absolute fluo- 
rescence yields which are found in literature are derived from relative 
determinations and subsequent comparison with Vavilov’s value for 
uranin or Bowen’s result for anthracene (Table 53) ( 145 , sgg, 1748 ). 

106, Efficiency, Lifetime, and Solvent Quenching. The yields 
obtained for different compounds in the same solvent and for one 
compound in different solvents, which are illustrated in Table 53, are 
scattered over a very wide range. In his first paper on the fluorometric 
measurement of the lifetimes of fluorescent dye solutions, Gaviola 
pointed out that the solutions with the weakest fluorescence were 
those for which he found the smallest r- values, and he concluded that 
the probability of a radiating transition was of the same order for all 
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Table 53 

Fluori:scence Yield Q of Various Compounds in Different 
Solvents* at Room Temperature 


Compound 

Solvent 

Q in % 

T*10» 

(sec) 

Compound 

Solvent 

Q in % 

T (sec) 

Uranin . . . . 

Water 

71 

5 

Anthracene 

Paraffin 

23 




Ethanol 

71 

5 


Benzene 

25 

— 


Glycerol 

71 

5 


Acetone 

21 

__ 






Hexane 

18t 

— 

Eosin . . . . 

Water 

15 

1.9 


Trichloro- 

17 

— ■ 


Ethanol 

40 

— 

1 

methane 




Glycerol 

60 

— 


Cryst. 

^100 

— - 





Naphtha- 

Xylene 

6 


Erythrosin . . 

Water 

2 

0.08 

cene 

Cry.st. 




Water- 




anthra- 




acetone 

18 

— 


cene 

^100 



Acetone 

50 

— 


Cryst. [-• 

^(?)l 


Rose ben gale. 

Water 

1 

— 

Rubrene . . 

Benzene 

' 70 

— 


Acetone 

40 

— 


Acetone 

! '---'100 







Cryst. ^ 

1 10 (?) 


Rhodamine B 

Water 

25 

0.94 






Ethanol 

42 

1.6 

Uranyl . . 

Water 

1 

1 0-4 




i’ 

sulfate 

H 2 SO 4 

26 

10-2 

Potassium 

Water 

4.5 

2.5 1 


Cry.st.|- 

^100 

3 - 10-2 

cyano- 



i i 


Canary 

20-100 

3 - 10 - 10 “* 

platinite . . 

Cryst. -t 

^100 

1 1 


glass § 




* All data listed in this table refer to measurements made in the presence of 
atmospheric air, so that the solvents were not free of oxygen. 

t According to Samburski and Wolfsohn, tire fluorescence yield of anthracene 
is larger by about 50% in hexane than in benzene. The discrepancy may due to 
the fact that the anthracene concentration was 25 times larger in Bowen's 
experiments and that self-quenching is much stronger in hexane than in benzene 
(compare Table 66) 

=y Cryst. ; in the pure crystalline state. 

§ Varying with composi tion of canary glass. 


of these compounds and that short lifetimes and small efficiency were 
both due to quenching or another competing process {462a). 

The equation : 

t/to = ///o = Q (67) 

was derived in Section 3 from the Stem-Volmer formula; I/tq = a 
is the probability of a radiating transition and /q fluorescence 
intensity corresponding to a yield of 100 %. This value of cannot be 
found, in general, even in the absence of all intentional quenching, 
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because of the existence of internal conversion. If the transition pro- 
bability ttQ or the intensity of the absorption band remains unchanged, 
Equation (67) can be replaced by : 

T 1 /T 2 -= /i/io O, (68) 

where /j, I2, Tg, are the fluorescence intensities and lifetimes undtT 

two different conditions and Q^, is the relative efficiency. 

Thus, Ga viola’s qualitative conclusions were well founded 
theoretically, since the absorption coefficients of the dyes which he 
investigated were of the same order of magnitude while the fluo- 
rescence yields differed widely. With small transition probabilities and 
correspondingly weak absorption bands (e.g., for aqueous uranyl-salt 
solutions) liowever, a small fluorescence yield can be consistent with 
n^latively long lifetimes. 

Whatever the nature of tlie competing mechanism which causes 
a low fluorescence yield, its chance of weakening or eventually 
completely destroying the luminescence will be the greater, the longer 
the natural lifetime tq of the excited state. Thus, slow fluorescence and 
phosphorescence have a much greater probability of being quenched 
than normal fluorescence. On the other hand, long-lived luminescence 
processc^s can occur with an appreciable yield only if all competing 
processes are avoided. If a compound cannot be excited to fluorescence 
under any circumstances, although it is able to absorb liglit, the most 
probable interpnflation is that it lias a very high tendency to undergo 
internal conversion. Many dyes which are not fluorescent in liquid 
solutions become fluorescent and even phosphorescent when they have 
lost a part of their free mobility by being dissolved in a solid (sugar, 
boric acid, formic acid, etc.) or when they are absorbed on a rigid 
gel — for instance, silica gel, alumina, or gelatin (the system dye- 
gelatin is frequently spoken of as a solid solution). Apparently tlie loss 
of certain degrees of freedom renders the process of internal conversion 
less probable. Examples of dyes of this type are discussed in vSection 
137. Their formulas show distinctly that their structure is less rigid 
than that of other dyes of similar nature and similar absorption 
properties which are fluorescent in liquid solutions. Dyes of the latter 
type also become phosphorescent under the conditions which were 
described above {1454,1835). 

Although the ability of fluorescing in a liquid solution is to some 
degree a property of the dissolved molecules as such, the fluorescence 
5deld of a solution in which the excited molecules are in permanent 
contact with some other molecules depends greatly on the nature of 



318 


CONDENSED SYSTEMS 


interaction with these molecules which may or may not quench the 
fluorescence. If the quenching probability is small, or, in other words, 
if some specific configuration in two colliding molecules (the excited 
and the quenching molecule) must be reached so that the excitation 
energy can be converted to heat or can initiate a chemical reaction, the 
fluorescence will not be quenched completely, even if a collision be- 
tween two complex molecules lasts a relatively long time and the ex- 
cited molecules are continuously in contact with one or the other of the 
quenching molecules. If one does not assume, however, that an excited 
molecule, once in contact with a quencher cannot react with a second 
quencher approaching from another direction, the quenching will still 
be increased by an increase in the quencher concentration, although 
it will no longer obey the Stern-Volmer equation. In the limiting case 
the excited molecules (and all other molecules of the fluorescent 
compound) are permanently and completely surrounded by ‘'quenching 
molecules,'* namely, the molecules of the solvent. Nevertheless the 
probability of an energy transfer from excited molecules to solvent 
molecules is not 'large in comparison with the probability of fluo- 
rescence emission. Thus there is a continuous transition from the 
quenching by specific quenchers to the general case of “solvent 
quenching*' which may be negligible in some cases and almost com- 
plete in others. 

Examples illustrating the different influence of solvent quenching 
of various solvents on similar fluorescent compounds are listed in 
Table 53. The number of such examples can be increased indefinitely. 
For instance, the fluorescence yield of benzopyrene is practically 
identical in solutions in petroleum ether, acetone, and pyridine; in the 
same solvents it varies for anthracene in the proportion of 4 : 5 : 9, 
and for 1,2-benzanthracene in the proportion 4 : 7 : 14 (i 02 g).* Still 
other examples are mentioned on the following pages. 

Substitution of halides for H-atoms in aromatic compounds 
reduces their fluorescence yield. The fluorescein series (fluorescein, 
eosin, erythrosin, and rose bengale) in Table 53 provides a characteris- 
tic example. However, a comparison of the fluorescence yields of 
fluorescein and erythrosin in water, on the one hand, and in acetone, 
on the other, proves the important part which the interaction between 
the fluorescent molecules and the solvent plays also in this instance. 

The figures listed in Table 53 refer to room temperature only. If 

* These figpares were obtained with solutions completely free of oxygen and, 
therefore, are not distorted by the unequal solubility of oxygen in the various 
solvents; compare Section 108. 
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an alcoholic solution of uranin or rhodamine is cooled, Q increases 
at temperatures below 0® C by about 3% per 10 degrees so that at 
— 80° C the yield is very nearly 100%, all internal conversion or 
quenching reactions having disappeared. In the case of erythrosin and 
rose bengale, which have an exceedingly low yield in alcohol at room 
temperature, the efficiency does not increase in the same way at low 
temperatures : the probability of internal conversion always remains 
large for these dyes, and this may be connected with their tendency 
to go over into a quasi-stable state {912). 

The yield of the slow fluorescence of uranyl sulfate in sulfuric 
acid increases from 26% to almost 100% when the temperature is 
lowered from + 20° C to — 40° C, and the duration of the afterglow 
increases simultaneously by a corresponding amount. The fluorescence 
of an alcoholic solution of barium cyanoplatinite, which has an 
extremely short lifetime, becomes about four times stronger if the 
solution is cooled from room temperature to — 21° C. In all these 
instances the direct influence of low temperature was not separated 
from that of increasing viscosity. The fluorescence yield of anthracene 
dissolved in solid paraffin does not vary appreciably when the tempera- 
ture varies from the melting point to — 42° C ( 535 , 775 , 1754 ). 

On the other hand, the fluorescence yield practically always 
drops.if a solution is heated above room temperature. (Concerning an 
important exception, compare Section 114). For uranyl sulfate in 
sulfuric acid the values of Q and r are shown for a considerable temper- 
ature range in Table 54. The existence of a similar parallelism between 
Q and r was proved for the same solution when the sulfuric acid was 
gradually diluted with water. Aqueous solutions of uranyl salts lose 


Table 54 

Yield and Duration oF the Fluorescence of Uranyl Sulfate in 
Sulfuric Acid as a Function of Temperature 


Temp, in ° C . . . . 

18.5 

27 1 

45 

52 

67 

Q 

26 

21 1 

13 

11 

7.3 

T.IO* 

1.08 

0.81 i 

0.58 

0.46 

0.33 

Q/r-lO^ 

24 

25 1 

! 

22 

23 

22 


Table 55 

Fluorescence Yield of Rhodamine B in Glycerol as a Function 

OF Temperature 


Temp, in ° C 

Q ■■ •• 


16 

20 

30 

35 

40 

55 

60 

70 

75 

85 

90 

75 

70 

64 

60 

55 

44 

40 

32 

28 : 

25 

21 
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their fluorescence power, completely at temperatures which are always 
below the boiling point and, frequently, even much lower. The same 
is true for the solutions of the cyanoplatinites, in both cases with no 
important change in the absorbing power. 

Most d3^e solutions obey the same law. As an example, Table 55 
shows the relative fluorescence yield of rhodamine B in glycerol for 
the temperature range between 16° and 90° C, the absorption power 
again remaining constant. In other solvents, lik(' isobutyl alcohol, the 
absorption spectrum of this dye varies greatly with increasing temper- 
ature, so that a loss of fluorescence yield might be ascribed to a change 
in the structure of the molecules. 

The fluorescence yield of quinoline red in aqueous or alcoholic 
solutions however is practically independent of temperature in the 
wide range from 0° to 100° C. Measurements of the corresponding 
lifetimes have not been performed ( 339 > 7 32 ). 

In principle, the heat of activation of the process causing the 
quenching can be derived, irrespective of the nature of the process, 
from the temperature dependence of the fluorescence yield. 

The decrease in the fluorescence yield of rnbrene dissolved in 
aliphatic solvents from nearly 100% at — 60° C to a much lower vulue 
at 60° C has been ascribed to an increasing probability of internal 
conversion, and from the slope of the curves representing the log of the 
quenching constant (Eq. 7a) versus HT the “heat of activation"' 
corresponding to the height of point C above point A in Figure 84 
has been calculated to be about 7 kcal. This heat of activation is not 
a characteristic constant of the molecule itself, however, but is appa- 
rently determined by the fact that the rubrene molecules are sur- 
rounded by specific solvent molecules, for the fluorescence of rubrene 
dissolved in hexane shows an almost constant yield of nearly 100 % in 
the entire temperature range from — 60 to + 60° C; thus, no internal 
conversion does occur in the rubrene molecules under these conditions. 

When dissolved in an aromatic solvent (benzene, toluene), ru- 
brene exhibits a fluorescence yield well below 100% even at low 
temperatures. The fluorescence yield of anthracene at room tempera- 
ture is also lower by 35 % when the solvent is benzene than when it is 
hexane. This behavior has been interpreted as due to the tendency of 
the aromatic solvent molecules to form complexes with the solute 
molecules, with the additional assumption that internal conversion 
has a relatively high probability in these complexes. With rising 
temperature the complexes dissociate and the resulting gain in fluo- 
rescence yield is claimed to compensate partia,lly the increasing 
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probability of internal conversion in the nonassociated rubrene mole- 
cules. Therefore, the fluorescence yield decreases less rapidly with 
rising temperature in aromatic solvents than in aliphatic solvents. 

It must be kept in mind, however, that increasing internal con- 
version is not the only possible interpretation of a temperature- 
dependent fluorescence yield. The decrease in yield can be explained 
also by some reversible photochemical reaction (such as the exchange 
of a hydrogen atom) between excited molecules and the molecules of 
the solvent. In order to explain the behavior of rubrene in the different 
solutions by such a mechanism one would only have to introduce the 
very simple and plausible assumption that the heat of activation of the 
photochemical reaction is so high, when the solvent is a paraffin, that 
the reaction practically does not occur at all in the temperature range 
under consideration ; it is of theorderof 7kcalper mole for the aliphatic 
solvents and essentially smaller for the aromatic solvents, so that in 
the latter the reaction has an appreciable probability even at — 60° C 
{I43cj407h), 

If the rate of the back reaction is not too high, the occurrences 
of the chemical reaction may become observ’^able by a reversiblcs 
bleacliing such as has been obtained in solutions of chlorophyll. If, on 
the other hand, the back reaction follows the reaction within an 
extremely short interval, the process might be represented by the 
transient formation of a complex in which the electionic excitation 
energy is converted with verv^ high probability to vibrational energy. 
This concept differs from the one discussed above in that the hypo- 
thetical complexes are not permanently present but exist only during 
the short period during which an excited rubrene molecule combines 
with a solvent molecule. 

The parallelism between Q and r (see Table 54) is destroyed if the 
processes of absorption and emission occur in different parts of a 
complex molecule. In the organic europium compounds mentioned 
in Section 97, the duration of the emission process is determined in the 
main by the transition probability in the electronic system of the 
rare-earth ion and is influenced very little by temperature. On the 
other hand, the fluorescence yield depends on the probability of the 
energy transfer from the organic radical in which the light absorption 
takes place to the europium ion. The yield decreases if this probability 
is smaller than the probability of converting the energy into heat, and 
the latter probability is a function of temperature. Thus, the intensity 
of the fluorescence of europium picrate dissolved in a mixture of 
ethanol, ether, and isopentane is over fifty times as strong at — 190° C 
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as at room temperature, although the decay constant changes by not 
more than 30 %. Furthermore, the probability of internal conversion 
of the absorbed energy depends to a great extent on the nature of the 
salt and of the solvent. At room temperature the fluorescence intensity 
of the salicylaldehyde in alcoholic solution is only about 13 % of the 
intensity emitted by the benzoylacetonate, while at liquid-air tempera- 
ture they are practically equal. At room temperature the fluorescence 
of the salicylaldehyde in alcoholic solution is much less bright than 
when the same compound is dissolved in toluene; at — 80° C the 
fluorescence of the two solutions shows the same brightness. At low 
temperatures the fluorescence yield of all europium salts is close to 
100 % (at least 85 %) (i8i6). 

The formation of complexes can favor the appearance of fluo- 
rescence in liquid solutions quite as well as it can favor the processes 
of internal conversion. Certain metallic ions (Pb++‘ and Zn+^) which 
are not fluorescent when dissolved in pure water form fluorescent 
complexes of the type (PbCl 4 ) if an alkali halide of high concentra- 
tion is added to the solution. The relatively weak fluorescence of 
the hydrated TP-ion in aqueous solution is also enormously enhanced 
by the addition of halide ions, while the nature of the added cations 
is of slight importance {^21 ,522 ,6iy j J04) . 

107. Quenching of Luminescence by Foreign Molecules of Low 
Concentration. The earliest observations of the quenching effect of 
certain salts, especially halides, on the fluorescence of dye solutions 
are due to Herschel and Stokes {13^3). While in solvent quenching the 
luminescent molecules are in permanent contact with molecules of low 
quenching efliciency, the concentration of the quenching molecules is 
now so low that a specific reaction must be assumed to take place 
between them and the excited molecules in the relatively short periods 
during which the distance between them is sufficiently small. The 
frequency of these events, which may be called collisions, is pro- 
portional to the concentration c of the quencher. As pointed out in 
Section 105, the quenching efficiency as a function of c must obey the 
Stern-Volmer equation in its most general form: 

I = /o/(l -{- (69) 

T^is the lifetime of the excited state in the absence of the quencher and 
2 is the number of “effective collisions” per second. 

A first qualitative proof of the validity of this statement can be 
seen in the fact that, under otherwise similar conditions, the efficiency 
of a given quencher like K I is, in general, the greater, the longer the 
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natural lifetime Tq of the excited molecule (Table 56). The much 
longer-lasting weak phosphorescence of some dyes in liquid so- 
lutions disappears at quencher concentrations which have no visible 
influence on the fluorescence intensity of the solution.* On the other 
hand, the duration of the emission becomes shorter with increasing 
concentration of the quencher; this has been shown to be true in many 
instances. 


Table 50 

Quenching Kfficiencv of Potassium Iodide in Aqueous Solutions 
OF Fluorescent Compounds 

(r: lifetime of excited state; c* : concentration of KI in mole per liter 
at which Q* k: ‘‘reaction rate”) 


i 

Conipoiiiul 

1 Urauyl I 
j sulfati' 

Qtiinim* 

svilfate 

1 Urania 

! I 

1 

1 

j Eosin 

Aiithra- 
cenet i 

lene t 

T ; .... 

1 (r« 

4 . 1 0-8 

1 , i 

1 4-Ur» 

1.9- 10“8 

2.5. 10-' 

? 

.... 

1 0“** 

10“^ 

! ^0-1 

2.7. 10-1 

(U 10-2 

0.5 

k\ .. .. 

' i()4 

100 

1 10 

3-7 

17 

2 


f In ethanol. 

I The values of t, c* . and A* depend to a certain degree on the concentration of 
the fluorescent compounds and differ, therefore, within certain limits, in the 
papers by various investigators. 


A quantitative verification of the equation is much more difficult. 
For a gas, all factors determining the number of effective collisions are 
known, with the exception only of the “effective cross section,” and the 
Stern- Volmer formula can be used to calculate its value if the lifetime 
Tq is found by some other exjieriment. In a liquid solution a great 
number of variables are to be considered and several of them are 
interdependent. The most*important among these parameters are the 
temperature T, the viscosity the ionic strength /x, and the dielectric 
constant D, Within the temperature range obtainable with most 
liquids the direct effect of a variation of T will be negligible in com- 
parison to its influence on yj and /x. Finally, the nature of the solvent 
is not only important because it determines rj, Z), and /x, but also 
because the value which Qq and tq have in the absence of the quencher 
depends on it. Thus, if one studies the influence of the viscosity by 
varying the solvent (diluting glycerol with water) the simultaneous 
change of tq must be taken into account. 

• See also Section 109 concerning the quenching of the phosphorescence of 
dyes absorbed on silica gel. 
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If all other parameters are kept constant, the number of effective 
collisions is proportional to the concentration c of the quencher: 


Qr = i/(t —kc) 


(70) 



32 • 10 " 
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the value of r^now being included in the constant k. k is the “reaction 
rate” and is the reciprocal of the half-value concentration c* at which 
the yield Hence, the points in a diagram plotting IjQ^ 

versus c should lie on a straight line which intersects the zero axis at 
the point IjQ^ ~ 1. 

For values of IjQ^ not exceeding 5, the experimental results 
agree fairly well with Equation (70) (Figure 108), while for greater 

concentrations of the quencher 
the deviations become much 
larger than the possible errors. 
Only within the same range of 
concentrations does Equation 
(68) hold for the relation be- 
tween Qr and r { 434 , 175 ^), 

Vavilov tried to interpret 
these deviations by assuming 
a “configuration-quenching” to 
be superimposed on the col- 
lision-quenching. Those mole- 
cules in the “eifective volume” of which a quenching molecule is 
present at the moment of absorption are assumed to lose their exci- 
tation energy by this configuration-quenching. In the absence of any 
collisions (with all molecules at rest in a very viscous medium) the 
relative yield is, therefore: 

(71) 

where cd == 7r|/3^ is the elective volume of the excited molecules and 
Nc the number of quenching molecules per cc.f By superposition of 
the two effects the relation between and c becomes now : 


Fig. 108. Quenching of the fluorescence 
of fluorescein sodium in aqueous solu- 
tion by KI of various concentrations 
(Vavilov). 


Qr 


1 + kc 


(72) 


Vavilov’s own measurements of the quenching of the fluorescence of 
various dye solutions seem to be in good agreement with this last 
equation. 

The denominator in the fraction representing Q, does not contain 
t c is the number of g/cc and N the number of molecules per g. 
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the parameter r and, thus, the linear relation between l/r and c is 
preserved. Szymanowski, who determined r and for several fluo- 
rescent solutions at various concentrations of K I as quenching agent, 
found 1 IQ^ to be represented as a function of c by a curve corresponding 
to Equation (72), while l/r was represented within the same range of 
c by a straight line (Figure 109) (434,1600a) . 

Rollefson and Stoughton have shown that a formula of the type 
of Equation (70) or (72) can be correct only if the fluorescent molecules 
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Fig. 109. Yield and lifetime of fluorescence of fluores- 
cein sodium in water quenched by KI (Szymanowski). 
a\ b: Tq/t. 

carry no electric charge or if the ionic strength is kept constant. 
According to these authors, the quenching process must be treated as 
a normal bimolecular reaction between the excited molecule and the 
quencher, regardless of the mechanism of the quenching reaction : 

D* + X -> (DX) D -f X -f E 

where D is the fluorescent and X the quenching molecule, and E is 
the excitation energy which is set free and which may appear in any 
form. If D and X are ions, as is very frequently the case, the reaction 
rate k depends on the ionic strength of the solution, which is appreci- 
ably changed if the concentration of the quencher becomes large. On 
the other hand, the quenching efficiency of a given quencher at con- 
stant concentration varies a good deal if the ionic strength of the 
solution is changed by addition of an ionized salt which alone has no 
influence on the fluorescence yield of the solution. Table 56 A show*' 
the change of k at constant KI concentration when the ionic strength 
Pringsheini 12 
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of a fluorescein solution is varied by addition of sodium perchlorate. 
In the case of acridone which is electrically neutral, the addition of 
potassium nitrate is practically without influence on k. 


Table 56 A 

Quenching Rate k of KI in Fluorescent Solution 
OF Varying Ionic Strength fi 



1 Fluorescein -f- sodium perchlorate 

Acridone -f- potassium nitrate 

1 

0.031 i 

1 

0.51 

0.101 

0.201 

0.301 

1 0.01 

0.05 

0.11 

0.21 

A' 

11.4 

12.2 

14.0 

16.4 

16.8 

192 

j 

92 

94 

93.5 


Similar effects should be brought about by variations of the dielectric 
constant, but no quantitative measurements are available ( 158 ^). 

Respecting the influence of the viscosity t], Vavilov and others 
assumed that, since the velocity of diffusion decreases with increasing 
viscosity, k should be inversely proportional to rj. The following 
equation was derived by Vavilov for the relation between k and rj : 

z. __ (/> -1- (Tg) (^1 -f g g) 

A’ — ( ' ) 

or) 

cTi and (Tg are the kinetic radii of the excited and the quenching mole- 
cules which, together with the viscosity, determine the velocity of 
diffusion; p is the effective radius of the excited molecules which 
depends on the nature of the solvent, even for the reaction between 
a specific fluorescent compound and a specific quencher. 

The figures in the first columns of Table 60 show that the efficiency 
of various quenchers is greater in methanol than in water, and greater 
in water than in ethanol, in the same order as the viscosities of these 
solvents vary. However, not even in this qualitative way is the rule 
valid in all instances. Thus, the quenching efficiency of potassium 
iodide for the fluorescence of fluorescein is greater in water (rj = 0.01 1) 
than in acetone (tj ~ 0.004). 

As a matter of fact, the fundamental assumption from which 
Equation (73) is derived is valid only in a very restricted sense. The 
number of ^collisions in a solution is not proportional to the velocity 
of diffusion and inversely proportional to the viscosity. In a viscous 
medium an individual quenching molecule has a reduced probability 
of hitting a second excited molecule after a collision with a first 
excited molecule, but it has an increased probability of making a second 
collision or even a whole group of collisions with the first molecule 
within a short period of time (so-called cage effect) ; it may even happen 
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that such a group merges into a single collision of relatively long du- 
ration. Thus, the probability of quenching the fluorescence of this 
individual molecule is enhanced if the quenching efficiency of a single 
collision is less than 100%. The lower the quenching efficiency, the 
less it is affected by the viscosity of the solution. 

Moreover, the latter can be varied only by either mixing two 
liquids of widely different viscosities or by using solvents which differ 
in viscosity and otherwise have similar properties, or by varying the 
temperature. The duration tq of the fluorescence which would prevail 




Fig. no. Quenching of the fluorescence of fluorescein (a) by potas- 
sium iodide and (6) by aniline as a function of viscosity [Sveshiiikov 

(1600)] 


(“) 


(b) 

0 sugar solution 

• 

isobutyl alcoliol 

0 mixtures of glycerol with 

0 

ethyl alcohol 

water 

A 

mixtur<- of isobutyl alcohol 
with ethyl alcohol 


A 

mixture of glycerol with iso- 
butyl alcohol 


+ 

glycerol 


in the absence of the quencher can be altered by such variations and 
this must influence the value of k in Equation (73), irrespective of 
simultaneous changes in viscosity. The formation of solvate envelopes 
protecting the fluorescent molecules against the action of a quencher 
will also depend on the nature of the solvent. 

Sveshnikov discussed these various influences which, in general, 
are difficult to separate. ♦ However, plotting l/Q versus l/i^andT/y, 
respectively, for a variety of solutions and quenchers, he obtained a 
series of curves which closely resembled those reproduced in Figures 

* These problems have been treated recently in a more quantitative 
manner by LaMcr and co-workers {62 5a, 1723a, 1843), 
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110^35 and b. In the experiments, rj was varied by changing the con- 
centration of aqueous sugar solutions, by adding water to glycerol, 
by using a series of alcohols, and by altering their temperature; 
potassium iodide, the organic compounds listed in Table 60 , and 
copper sulfate served as quenchers, and the fluorescent compounds 
were sodium naphthionate, rhodamine B, fluorescein, and rhoduline 
red. All points belonging to a given pair of fluorescent compound and 
quencher were situated on smooth curves of similar shape. They prove 
the existence of general parallelism between \/Q and I/tj and of sys- 
tematic deviations from the linear relation between the two para- 
meters, especially at high viscosities {i6ooa). 

108, Specific Properties of Quenchers. Quenching substances can 
be divided into several classes with widely differing quenching efficien- 
cies for different groups of fluorescent solutions. In the first systematic 
research of this kind Jette, West, and Muller found that if potassium 
salts were added to aqueous solutions of uranin, quinine sulfate, and 
uranyl sulfate, the quenching efficiency of various anions for every one 
‘ of these three solutions followed the order (68gjogij82j) : 

I-, CNS-, Br-, Cl- CaOr', CgHpr. SO4— , NO3-, F". 

The efficiency of the ions to the right of Cl“ is very small. These re- 
sults were confirmed for solutions of eosin, rhodamine, and other 
dyes. It has been pointed out that the order of the quenching efficien- 
cies is the same as the order of the deformabilities of the ions. It is 
also the order of many other of their properties, however, and a direct 
relation between the quenching capacity and the deformability of an 
ion is not obvious. Besides, the relative efficiency of two quenchers, 
even when they are as closely related as 1 “ and Br”, depends a great 

Table 57 

Relative Quenching Efficiency (Half-Value Concentration c*) 
OF THE Halide Ions in Aqueous Solutions 
(r* == 1 for 1“ as quencher) 


Fluorescing compound 

Color of fluorescence 

1 Quenching ion 

I- 

1 

Cl- 

r 

Quinine sulfate . . . . 

blue 

1 

1.4 

3.9 

Uranin 

green-yellow 

1 

20 

100 

Esculin 

! blue 

1 

20 

100 

Pinacryptol yellow 

green-yellow 

1 

1 

1.5 
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deal on the nature of the fluorescent compound. The examples listed 
in Table 57 show that there is no general connection between the 
sensitivity of a quencher and the color of fluorescence, which is a 
measure of the energy stored in the fluorescent molecules. 

Rollefson and Stoughton have shown that for another group of 
fluorescent compounds the order of quenching efficiencies is exactly 
reversed, so that NOg- and BrOg” are ijiuch stronger quenchers than 
I~. Sodium naphthionate, a-naphthol, and sodium sulfanilate belong 
to this group {1588). 

Table 58 

Quenching Efficiency (Half-Value Con- 
centration c * AND “Reaction Rate" k ) of 
Various Negative Ions for Sodium 
Naphthionate 


Quencher. . , . 

NO,- 

BrO,“ 

1- 

r* 1 

0.061 

0.057 

2.4 

.J 

16.4 

17.5 

0.42 


The colorless cations Na+ Ca-^+, Ba++, etc., have no quenching 
effect and can be interchanged in the salts used as. quenchers without 
appreciable influence on the fluorescence yield. Small effects are 
produced in some cases by the ions of rare-earth metals such as Sm+++ 
and Pr+++, while the colored ions Cu'*^^*, Ni++, and Fe++ act as strong 
quenchers in most fluorescent solutions. The values collected in Table 59 
were calculated taking into account the fraction of the incident light 
which is absorbed by the quenching ions. The veiy high efficiency of 


Table 59 

Quenching of Fluorescence by Positive Ions 
(Half-Value Concentration c * and k ) 


Fluorescent 

compound 

Quinine sulfate 

Esculin 

Sodium 

naphthionate 

Thallous 

chloride 

Solvent 

H,SO 

4 -H,o 

Ethanol 

Water 

H,O-KCl(10-*) 


c* 

k 

c* 

k 

c* 

k 

c* 

k 

Quencher : 
CUSO 4 . . 

0.275 

3.6 

0.028 i 

35.7 

0.007 

143 

i 


NiSO*.. 

0.189 

5.3 

0.100 

10 

0.050 

20 

— 

— 

(VO)S 04 

0.099 

10.1 

0.070 

14.3 

— 

— 

— - 


FeSO^. . 

0.036 

28 

0.136 

7.3 

— 

— 

10 -s 

1000 

C 0 SO 4 • • 

0.021 

48 

0.016 

62.5 

0.010 

100 

— 

— 

Cr,{SO.), 

0.0063 

158 

0.0062 

159 

0.005 

200 

— 

— 

MnSO, . 

2.05 

0.49 

1.16 

0.86 

— 

— 

— 

— 
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the chromium ions and the relatively small effect produced by man- 
ganese is noteworthy {1792). 

The fluorescence of the complex ions which are formed when 
thallous salts are dissolved in pure water and in solutions of KCl and 
KBr is also quenched by Fe++ and by I+; the effect is strongest in 
the chloride solutions, a good deal weaker in pure water, and weakest 
for the complexes formed in bromide solutions, while the fluorescence 
yield (and probably the lifetime of the excited state) is about equal for 
the halogen complexes and much smaller for the Tl+-ions in pure 
water (j52j,j522). 

Many organic compounds are poweiful quenchers for practically 
all fluorescent solutions. A few examples are given in Table 60. The 
strong fluorescence of uranyl sulfate in sulfuric acid is almost com- 
pletely suppressed by the presence of traces of ethatiol, while the 
fluorescence yield of dyes dissolved in ethanol is relatively high in 
most cases {272,346), 


Table CO 


The Quenching of Fluorescent Solutions by Organic Compounds 
(Molar half- value concentration c*) 


Fluon>st:ent 

corapwund 

Quinine sulfate 

Pinacryptol yellow 

1 Sodium 
naphtliion- 
1 ate 

Esculin 

Solvent 

Methanol 

Water 

j Water 

Ethanol 

i Water 

Ethanol 

n 

0.006 

0.011 

0.011 

0.012 

1 0.011 

0.010 


c* 

Quencher: 







Phenol . . . . 

0.010 

0.013 

0.071 

0.098 

0.60 

0.40 

o-Cresol . . . . 

— 

0.012 

0.39 

0.070 

1.0 

2.03 

Hydroquinone . 

0.0046 

0.010 

0.042 

0.076 

0.041 

0.13 

Resorcinol 

0.0067 

0.011 

0.031 

0.068 

2.90 

0.505 


0.0063 

0.011 

0.049 

0.052 

0.20 

0.188 

Pyrogallol 

— 

0.100 

0.037 

0.050 

0.082 

0.108 

a-Naphthol 

— 

— 

— 

0.042 


0.081 


An exceptional behavior is shown by an alcoholic solution of 
rhodamine B to which increasing quantities of nitrobenzene are added. 
In the right-hand part of Figure 1 1 \e, the initial rise of IjQ^ is of the 
usual type, but, after reaching a maximum at a nitrobenzene content 
of 4 moles per liter of solution, the curve slopes downward again, so- 
that the fluorescence yield in pure nitrobenzene is restored to nearly 
one-half of its value in pure ethanol. The fluorescence and absorption 
spectra of rhodamine are practically identical in both solutions. The 
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parallelism between thcurves fe or 1 jQ^ and 1 /r indicates a quenching 
obeying the Stem-Volmer law {i6ooa). 

If only the left-hand or only the right-hand branch of the curves 
were known, one would assume that one of the two liquids is a solvent 



0 0.1 0.2 0 0.1 0.2 
C in mole/lifer 



0 20 40 60 80 100% 

NITROBENZENE CONCENTRATION 


Fig. 111. Specific quenching power of various sub- 
stances (Sveshnikov) : (a) rhodamine B, (b) anthra- 
cene, [c] sodium naphthionate, (d) quinine sulfate, 

(^!) rhodamine B in ethanol-nitrobenzene mixture. 

H: aniline; 0: KI; hydroquinone ; 

guaiacol; O: nitrobenzene. 

in which the fluorescence yield is fairly good, while the other is a 
strong quencher. The complete curves suggest, however, that while 
neither of the two solvents strongly quenches the fluorescence, in 
mixtures of alcohol and nitrobenzene some sort of complexes are 
formed with a peak equilibrium concentration in a mixture of 70 % 
alcohol and 40 % nitrobenzene, and that the excited rhodamine mole- 
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cules are quenched by collisions with these complexes rather than by 
interaction with the molecules of the individual solvents themselves. 

Quenching curves which were obtained by Banderet appear, at 
first sight, to be very similar to the curve of Figure 111^, but corre- 
spond probably to an essentially different mechanism. The quenchers 
were organic compounds consisting of long chains such as gardinol 
[CH 3 -(CH 2 )i 5 ”S 03 ]‘~Na+, sodium stearate [CH 3 -(CH 2 )i 5 “COO]~Na-^, and 
sapamine [CH 3 -(CH 2 ) 7 -CH-CH-(CH 2 ) 7 -CO-NH 2 -(CH 2 ) 2 “N(C 2 H 5 ) 2 ]+Cr 
which were added to aqueous solutions of rhodamine, pyronine, 
and quinine sulfate or of fluorescein, eosin, and iris blue. With increas- 
ing concentration of the quencher the fluorescence of the solutions 
was almost completely suppressed, but when the concentration of 
the quencher exceeded 10 volume per cent, the intensity of the fluo- 
rescence increased again and reached about 60 to 70 % of its initial 
value, when the concentration of the quencher attained 50 volume 
per cent. Simultaneously, the solution was converted into a gel and 
this is apparently the reason for the vanishing quenching effect. The 
recovery of the fluorescence yield is best observed at very low dye 
concentrations, but occurs also at higher concentrations of the fluo- 
rescing molecules. A vsecond very striking peculiarity is characteristic 
of these quenchers. Only positive fluorescent ions (rhodamine, quinine 
sulfate) are strongly quenched by the compounds which form nega- 
tive ions (gardenal, sodium stearate), while negative fluorescent ions 
(fluorescein, eosin) are quenched by the compounds which form posi- 
tive ions (saponin and similar substances) (49). In these cases quench- 
ing becomes effective ’ only when the dye molecules are adsorbed on 
the long chains of the quenching compounds. 

The quenching of fluorescence by molecular oxygen is of special 
interest for more than one reason. It is to be kept in mind that the 
02“Concentration in atmospheric air is less than 0.01 mole per liter, 
and that it is very low in all liquid solutions, even if they are saturated 
with oxygen under an oxygen pressure of 760 mm (Table 61). There- 
fore, even relatively smaU decreases in fluorescence yield of oxygen- 
saturated solutions correspond to rather high values of k(0^. These 


Table 61 

Oxygen Concentration c in Liquids under 760 mm (mole/liter)* 


Liquid 

1 Hexane 

Acetone 

Toluene 

Benzene 

Alcohol 

Water 

c-lO® 

15 

9 

7.5 

7.15 

6.3 

1.3 


♦ These are not the units found in most tables. 
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values are, again, widely different for different fluorescent compounds. 
For the fluorescence of uranin, eosin, erythrosin and rhodamine G 
extra in water ^(Og) is practically zero [1476). However, the phos- 
phorescence of eosin, erythrosin, phloxin, and other dyes in liquid 
solutions is completely quenched by small traces of Og {136,743). 
According to Kautsky, the fluorescence of trypaflavine is quenched 
only slightly by oxygen when the dye is dissolved in water; it is 
quenched a little more in alcoholic and still more in acetonic solutions. 
This order corresponds to the increasing solubility of oxygen in these 
solvents. The fluorescence of chlorophyll dissolved in alcohol or 
acetone is from 20 to 40 per cent weaker when the solutions are 
saturated with oxygen in atmospheric air than in the absence of Og; 
the corresponding values of ^(02) are 250 and 700 , respectively. 

Under continuous illumination most dye solutions are slowly 
bleached, if all oxygen is not carefully removed. The photo-oxidation 
may be due mainly to the reaction of molecules in quasi-stable states, 
as will be explained in the next section. 

An earlier hypothesis, which at present is interesting merely from 
the historical point of view, supposed that every fluorescence process 
was only a secondary phenomenon accompanying a permanent 
photochemical conversion of the luminescent molecule {1202-1206, 
1210,1211,127^,1281), However, it could be shown that such con- 
versions, as a rule, occur only in the presence of oxygen or another 
quencher, and that the fluorescence is strongest when the solution 
does not undergo any chemical reaction (J/pp). In many cases a direct 
photochemical transformation of a fluorescent compound is brought 
about by light of shorter wavelengths. Thus, esculin loses its fluo- 
rescence power under the action of near-ultraviolet radiation in so- 
lutions containing oxy^gen, while in a solution free of oxygen a loss of 
fluorescence is observed only after irradiation with light of wavelengths 
below 3000 A (ppp). The same is true for certain aromatic compounds 
dissolved in solid boric acid (/ 6 pj). 

Oxygen quenches the fluorescence of many aromatic hydro- 
carbons in liquid solutions. The third column of Table 61 A lists the 
quenching constant k of oxygen for hydrocarbons dissolved in hexane ; 
the values of k are spread out over a wide range without showing any 
systematic order. A comparison between naphthalene and anthracene 
is striking: naphthalene, which is almost immune to I~-ions, is ex- 
ceedingly sensitive to the quenching by oxygen; the fluorescence of 
anthracene, much less sensitive to oxygen, is very appreciably 
quenched by iodine ions. No relation can be established between the 
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Table 61A 


Fluorescence Yield Q and Quenching Constant k of Aromatic 
Hydrocarbons Dissolved in Hexane and Excited 
BY THE Hg-LlNE 25 37 A 


Compound 

Q in »/o 

k 

Compound 

Q in % 

k 

Benzene 

10.9 

600 

Naphthalene 

37.6 

2400 

Toluene 

22.7 

1100 

Anthracene . . . . 

46.3 

178 

o-Xylene 

28.7 

1060 

Phenanthrene 

27 

960 

m-Xylene 

30 

800 

Iduorene 

[ 100 

530 

Xylene 

41.5 

1050 

Acenaphthene 

' 70.4 

2200 

T rimethylben zene . 

1(14 

850 

Biphenyl 

22.8 

440 

Tetramethylbenzene 

52.3 

980 

Triphenylnielhane 

23.2 

580 


quenching efficiency of oxygen and the number of fused rings of which 
a compound consists; the sensitivity of benzanthracene and benzo- 
pyrene is intermediate between those of anthracene and naphthalene 
(144-146). 

Nitric oxide quenches the fluorescence of aromatic hydrocarbons 
with about the same efficiency as oxygen. In both instances the 
quenching is completely reversible. When the quenching oxygen or 
nitric oxide is flushed out by some inert gas, such as nitrogen or 
hydrogen, the solution recovers its full fluorescence intensity (i 8 o^, 
1806 ). 

The phosphorescence of dyes absorbed on silica gel is observed 
only in a very high vacuum or in an atmosphere in which the partial 
pressure of oxygen does not exceed 10~® mm.* The phosphorescence 
is weakened appreciably even by oxygen at 1 mm ; in the case of 
trypaflavine, the intensity drops to one-half at a partial oxygen 
pressure of 5- 10“^ mm { 426 , y 48 ). 

The fluorescence of the adsorbed dye is also quenched to a certain 
extent by oxygen, but since the lifetime of the excited state is less 
than 10~® sec (compared to nearly 1 sec for the phosphorescence), 
much higher oxygen pressures are needed for producing an appreciable 
effect. The fluorescence of trypaflavine adsorbed on silica gel is almost 
half as large in atmospheric air as in a high vacuum. The fluorescence 


♦ Nitric oxide and certain vapors may also act as quenchers for this 
phosphorescence. Kautsky's observation, according to which the trypaflavine 
phosphorescence is quenched by water vapor, however, has been proved to be 
caused Jby a secondary effect. Traces of oxygen which are absorbed on the gel 
are dislodged by the vapor and then quench the phosphorescence. If they are 
removed, the vapor itself has no influence on the afterglow (426). 
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of eosin, erythrosin, and rhodamtne B is as little affected by the 
presence of oxygen when the dyes are adsorbed on either aluminum 
oxide or silica gel,* as they are in aqueous solutions; on the other 
hand, the fluorescence of chlorophyll is considerably more sensitive 
to the action of oxygen than the trypafiavine fluorescence, also under 
these conditions {426, y4g). 

The blue fluorescence of organic compounds that can be prepared 
in the form of aero-gels, such as palmitic acid and the solid polymers 
of formaldehyde, is very strongly and reversibly quenched by the 
vapors of nitrobenzene and quinone; the vapors of dime thy laniline 
and diacetyl are appreciably less efficient, and the vapors of mono- 
bromoethane, benzene, and ammonia, and all permanent gases, in- 
cluding oxygen, produce practically no quenching in this instance 
{1640b). 

109. Mechanism of Quenching by Foreign Molecules. If addition 
of foreign molecules to a fluorescent solution converts the fluorescent 
molecules by a dark reaction into molecules of anotlier kind which are 
non fluorescent, the foreign molecules do not ‘‘quench” the fluorescence 
in the sense in whicli the term is employed here. If the newly formed 
molecules do not absorb the exciting light, the fluorescence intensity 
will be altered because of the decrease in concentration of fluorescent 
molecules, but the fluorescence will remain unclianged. If, on the 
other hand, the newly formed molecules absorb a part of the exciting 
light, an apparent decrease in fluorescence yield will result exactly as 
if some other kind of inactive light-absorbing molecules had been 
introduced into the solution. However, this apparent loss of yield 
would not be accompanied by the corresponding decrease in r which 
is the distinctive characteristic of genuine quenching (as it was in the 
case of fluorescent vapours) and which follows from the laws expressed 
by the Stem-Volmer equation. 

The overall result of a genuine quenching reaction can consist in 
the chemical transformation of the excited molecule, of the quencher, 
or of a third kind of molecule — for instance, of the solvent. If no 
permanent change is produced in the solution by the quenching 
process, the excitation energy must eventually have been converted 
into heat. These overall effects, however, do not provide much knowl- 
edge concerning the elementary quenching processes. 

. If the phosphorescence of trypafiavine adsorbed on silica gel is 

♦ The negative ions of the fluorescein derivatives are adsorbed on alumina, 
but not on silica, while the opposite is true for the positive ions of basic dyes, 
e.g., trypafiavine and rhodamine. 
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quenched by oxygen at low pressure, the oxygen will disappear after 
a period of continuous irradiation and the dye will be discolored aiid 
no longer luminescent ; it will be oxidized. This oxidation is probably 
not the primary quenching process, as Kautsky seems to have proved 
by a very clever experiment: if a colorless and nonfiuorescent leuco 
dye, e.g., leucomalachite green, is absorbed together with trypaflavine 
on the gel, the trypaflavine phosphorescence is quenched by oxygen 
as before, but it is the leuco dye which is oxidized to malachite green 
with its characteristic blue-green color. This oxidation does not occur 
under conditions which are identical, except that no trypaflavine is 
present. Thus, the primary quenching process must consist in the 
formation of some highly reactive gas which is able in a subsequent 
collision to oxidize a trypaflavine or leucomalachite-green molecule, 
the second reaction having by far the greater probability {y 40,^45, 
7.^9). Kautsky assumed that the intermediate product was a metastable 
oxygen molecule, but this hypothesis must be discarded for many 
reasons {45 5, 456, y 42, y 43, y 46). According to Franck, the primary 
reaction is represented by the equation: DH* -f O2 I) HOg, DH 
being the dye in its normal state and the radical HOg the oxidizing 
agent. 

The relatively weak photo-oxidation by which many dyes are 
discolored in liquid solutions saturated with oxygen is reduced by 
the addition of other foreign molecules which are able to quench the 
fluorescence of the dye. According to J. and F. Perrin, the negative 
halide ions and organic compounds such as hydroquinone, phenol, 
and aniline are examples of “antioxidants’’ of this type. Their effi- 
ciency in inhibiting the oxidation is much greater than their efficiency 
in quenching the fluorescence of the dyes. Quantitative measurements 
comparing the two effects are available only for a solution of eosin in 
glycerol (136), They seem to prove that the antioxidant efficiency is 
equal to the efficiency in quenching the phosphorescence of the dye 
solution and it may be concluded from this experiment that molecules 
in the quasi-stable state contribute most to the photo-oxidation 
process (i2igjyyy). 

The chemical reaction which is directly correlated to the 
quenching process may be so speedily reversible that it is not ob- 
served under normal circumstances. The fluorescence of a large class 
of dye solutions is quenched by iodide ions. For thionine (“Lauth’s 
Violet”), J. Weiss was able to observe an appreciable, though weak, 
bleaching effect under strong illumination when the fluorescence of 
the dye solution was partially inhibited by an addition of potassium 
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iodide. This discoloration is due to the conversion of the dye into 
its Jeuco base: 


H 



Immediately after the end of the irradiation, the normal absorbing 
power of the solution was restored spontaneoUvSly. A similar, but still 
weaker, effect was obtained with an eosin solution, and it is not im- 
probable that reversible conversions of the same kind with an even 
higher rate of reversibility occur in many other dye solutions. 

However, even in these apparently simple cases the conversion 
into the leuco dye was not supposed to be the primary quenching 
process; the latter, according to Weiss, is characterized by the re- 
action: 1)* -f I"* -> -f- L The subsequent cliemical reactions are 

beyond the scope of this discussion. In the same way, W^iss explains 
the quenching of a fluorescent solution by ferrous ions: D* + Fe++ 
D" -f Fe+++. His hypothesis that the electron transfer which is 
supposed to be the primary cause of the quenching should be due to 
a “resonance” is not acceptable on any theoretical grounds. The 
mechanism itself may be effective in some cases but is by no means as 
general as Weiss asserts [i8og~-i8i2). 

F. Perrin assumed that the energy of excitation of a fluorescent 
molecule is spent in separating the extra electron from a halogen ion 
in a collision of the second kind; the efficiency of a quencher was 
supposed to depend to a certain extent on the nature of the solvent 
because the energy of the electron affinity is a function of the dielectric 
constant of the surrounding medium. The energy, of the order of 
magnitude of 2,5 eV, which is stored in an excited molecule with 
visible fluorescence is, however, never sufficient for separating an 
I“-ion from its electron, and, therefore, Franck and Livingston re- 
placed this process by a reaction in which additional energy is supplied 
by the formation of a semiquinone DH, which, according to Weiss’ 
hypothesis, would occur only in a secondary reaction of D"" and HgO ; 
the quenching particle is not the isolated ion I~, but the complex ion 
The primary reaction : D* + I-QHg -> DH -h I 4- OH"" is 
followed, •in general, by a recombination : DH + I -f OH~" D + 
DH reacts with O 2 to give D 4 - HOg only if oxygen is present 
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in the solution at a sufficient concentration, and molecular iodine is 
formed, as was proved experimentally {42 3, 424 J2ig, 122 1,1463). 

The quenching efficiency of oxygen in solutions of aromatic 
hydrocarbons is ascribed to the formation of peroxides of the type 



The existence of peroxides of this type has been proved by Moureau 
and Duifraisse. Weil-Malherbe and Weiss obtained small quantities 
of analogous compounds in which Og was replaced by NO {‘'nitrox- 
ides”) by intensive irradiation of solutions of anthracene and dimethyl- 
benzanthracene in an atmosphere of nitric oxide {1805,1806). 

Only in some instances (benzene, toluene, the xylenes, and other 
raethylbenzenes) is the decrease in fluorescence yield caused by the 
action of oxygen compensated by a corresponding yield of peroxides. 
For other hydrocarbons the rate of photo-oxidation is much smaller 
than the quenching of fluorescence would indicate ; the production of 
peroxides is below the limit of experimental error for naphthalene, a 
compoimd with a very large quenching constant ^(02), and for 
fluorene, which has a relatively small value of Thus, no general 
simple relation between the quenching efficiency of O2 and the rate of 
photo-oxidation exists (143a, 146). In certain cases the complex formed 
by the collision of the excited hydrocarbon and the oxygen molecule 
must dissociate immediately after the quenching process has occurred. 
Hence, it is reasonable to assume that quenching processes are very 
frequently not connected with a chemical reaction in the ordinary 
sense of the word, but involve the formation of unstable intermediates 
which are able to convert the elctronic energy by internal conversion 
into thermal energy according to the equation*: D* -f X (DX)* 
-> D -f X -f Ei£in* 

110. Fluorescent Compounds as Photosensitizers. The probabi- 
lity of a coruiection between the fluorescence of certain dyes like 
eosin or erythrosin and their usefulness in the sensitization of photo- 
graphic emulsions was pointed out by J. Stark long ago. All quenching 
processes mentioned in the last section in which, ultimately, some 
molecules other than those of the absorbing dye undergo a chemical 

♦ Compare the analogous considerations concerning the quenching of 
the fluorescence of vapors (Section 4^) and the quenching by* solvents (Section 
106 ). 
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reaction might be quoted as further examples in favor of this hy- 
pothesis. It need hardly be repeated that it is not the fluorescence it- 
self but the quenching of the fluorescence which is essential for the 
transfer of energy to the reacting molecule. The parallelism between 
the two phenomena is caused by the ability of the compounds to store 
the excitation energy which they have acquired by light absorption, 
for a relatively long period without dissipating it into heat. The best 
serivsitizers, however, are not the dyes with the highest fluorescence 
yield, such as fluoresceifi, but rather those which show comparatively 
weak fluorescence and arc able to phosphoresce even in liquid so- 
lution. (Compare Section 131). Their great inclination to pass into a 
quasi-stable state would cause their small fluorescence yield as well 
as their greater propensity to act as sensitizers. The dyes which, at 
present, are used as the best sensitizers for photographic emulsions, 
the various cyanine dyes, are not fluorescent at all in liquid solutions. 
Some of these dyes are brightly fluorescent, however, when they are 
dissolved in aqueous gelatin, and they retain a part of this fluores- 
cence even when they are adsorbed as sensitizers to the silver salt 
in a photographic emulsion. If the emulsion is supersensitized by 
addition of another dye not absorbing in the same spectral region 
[for instance, 1 -(/?-diethylaminostyryl)benzothiazole], the fluores- 
cence of the cyanine dye is completely quenched and its sensitizing 
efficiency is enormously enhanced; under these conditions the whole 
excitation^ energy is made available for the sensitizing process. Ad- 
dition of the ‘"super-sensitizing” dye to the silver-free cyanine solution 
in gelatin quenches also the much stronger fluorescence of this solu- 
tion with exceedingly high efficiency [ 1822 a). It seems that the primary 
process in the interaction between the molecules of the supersensitizing 
dye and the excited molecules of the sensitizing dye consists of an 
internal conversion by which the excitation energy is transformed into 
vibrational energy of the whole complex and thus becomes available 
for the ejection of an electron from a Br“-ion in the silver bromide 
emulsion. (For the very interesting fluorescence of cyanine dyes in a 
state of high polymerization compare Section 115.) 

The acceleration of the photolysis of ethyl iodide in alcoholic 
solution by the addition of naphthalene may be discussed as a typical 
example of a photochemical reaction which can be sensitized in a 
liquid solution by a fluorescent compound. C 2 H 5 I has a diffuse ab- 
sorption band between 2300 and 3200A; absorption of the Hg-lines at 
3 1 30A decomposes the molecules into an ethyl radical and a free I-atom 
with a quantum yield of 30%. The fluorescence of naphthalene in 
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alcoholic solution is strongly quenched by ethyl iodide, kq being 180. 
If the fluorescence is almost completely quenched by an iodide con- 
centration above 0.01 molar, the increase of the rate of decomposition 
of the iodide is directly proportional to the absorption caused by the 
sensitizer. If the absorption of the mercury line is trebled by the 
addition of an adequate quantity of naphthalene to the solution, the 

rate of photolysis also becomes three 
times as large as in the solution free of 
naphthalene. Th^ photochemical yield 
remains unaltered at 30%; this means 
tliat the total energy which is absorbed 
by the naphthalene molecules, including 
the fraction which does not appear as 
fluorescence under any conditions be- 
cause of internal conversion, is trans- 
ferred to the ethyl iodine molecules. The 
relatively low photochemical yield is 
ascribed to the probability of initial 
recombination of the radical and the 
iodine atom {1822b). 

The energy w'hich is needed for 
the transition from the lower vibra- 
tional levels to the repulsion curve may be much larger than the 
dissociation energy, as shown in Figure 112. In a collision between 
an excited naphthalene molecule and an ethyl iodide molecule Et, 
either the shape of the normal repulsion curve can be altered to A' so 
that the distance from the nonvibrating state of Et to the repulsion 
curve is reduced to a value not exceeding the energy stored in D*, 
or by a process of internal conversion occurring in the ‘'complex’' 
(DEt)* this energy is converted directly into high vibrational energy 
of the ground state N of Et which suffices to dissociate the latter. In 
either case the ethyl iodide molecules in the low vibrational states 
corresponding to thermal equilibrium can take part in the process 
(which, therefore, acquires a high degree of probability). (The same 
consideration applies to all sensitized photochemical reactions and 
especially to those which cannot be produced directly by light of the 
wavelength which is active in the sensitized process.) 

In a solvent of great viscosity the quenching power of ethyl iodide 
for the naphthalene fluorescence and the photosensitizing power of 
naphthalene for the photolysis of ethyl iodide become smaller. 

The fluorescence of j8-naphthol is very little quenched by ^thyl 



Fig. 112. Potential curves 
for the photosensitized de- 
com]X)sitionof ethyl iodide. 
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iodide {k^ == 14) and jS-naphthol has a very small sensitizing effect on 
the photolysis of ethyl iodide. On the other hand, the naphthalene 
fluorescence is only very slightly quenched by potassium iodide 
(kq ~ 2), which makes it certain that the quenching is not caused by 
I““ions. Finally, the total light absorption in a solution containing 
naphthalene and ethyl iodide is the sum of the absorption by each 
of the two compounds and, therefore, it is not to be assumed that the 
two compounds form a complex which would be responsible for the 
increase in the rate of decomposition. In this case all observations 
agree with the assumption that the sensitization is caused by collisions 
of the second kind. 

Not every sensitization of a photochemical process by a lumi- 
nescent compound, however, can be treated as an energy transfer in 
a collision process. The sensitized photolysis of oxalic acid in aqueous 
solution in the presence of uranyl sulfate is a typical example of a 
process of this kind. The fluorescence of the uranyl salt is weakened by 
the addition of oxalic acid and simultaneously the acid is decomposed 
by the action of the light which is absorbed by the uranyl salt. KI, 
with a much higher quenching efficiency, also inhibits the photolysis 
of the acid if both are present in the solution. However, the photo- 
chemical process is reduced to about one-fourth of its maximum value 
by a 0.1 molar KI concentration, while the uranyl fluorescence is 
almost completely quenched by a KI concentration which is about a 
hundred times smaller, fience, the energy transfer from excited uranyl 
molecules to the acid molecules is practically uninhibited by a con- 
centration of I~-ions sufficient to deactivate every excited uranyl 
radical during its relatively long lifetime. Apparently, uranyl-HDxalic 
acid complexes are formed independent!}^ of the irradiation, and light 
absorbed by the uranyl r<vdicals in these complexes is transferred to 
the other part of the complex within a time which is short compared to 
the lifetime of the isolated excited uranyl ions. Thus, it can also be 
imderstood why the yield of the photochemical reaction is of the order 
of magnitude 60 %, while the fluorescence yield in the aqueous uranyl 
salt solution scarcely exceeds 1 %. The existence of complexes in this 
case is made even more probable by a very marked influence of tile 
addition of oxalic acid on the absorption spectrum ; although the latter 
retains the structure characteristic of all uranyl salt spectra, the ab- 
sorbing power in the near-ultraviolet region is more than doubled by 
addition of an equimolecular quantity of oxalic acid, while oxalic 
acid itself shows no absorption at all in this spectral region {212, 
1288,1808). 
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There are other instances of the sensitization of photochemical 
processes by fluorescing compounds which are ascribed to the for- 
mation of complexes. Schpolsky and Sheremetiev mention the oxida- 
tion of sodium sulfite in an aqueous solution of rhodamine, and Eder’s 
reaction, 2HgCl2 -f (NH4)5C204 HggClg -f 2NH4CI 4- 2CO2, in the 
presence of eosin under irradiation with light absorbed by the dyes 
as belonging to this class. If a dye is absorbed on some foreign mole- 
cules in a solid solution, it is especially diflicult to draw a sharp limit; 
some authors are of the opinion that in photographic emulsions which 
are sensitized with dyes of the fluorescein series, the silver atoms and 
the dyes form complexes such as silver erytlirosinates and that a 
reaction of this type is greatly favored if the acidity of the dye is 
increased by the substitution of halogens for hydrogen atoms (1476). 

Very little is known concerning the existence of sensitized fluo- 
rescence in liquid solutions. In general, the absorption bands are so 
broad that it is difficult to prove that the fluorescence of an additional 
dye is not excited by light absorption in the “tail” of its own ab- 
sorption band rather than by energy transfer from another dye the 
absorption peak of which has a wavelength coinciding with that of the 
primary radiation, while its fluorescence band corresponds to the 
absorption band of the “sensitized” dye. The excitation of the red 
fluorescence of fluorescent blue in an aqueous solution of pheno- 
safranine is the only example quoted in the literature ; the fluorescence 
of the latter dye is yellow and is excited, together with the red fluo- 
rescence of the former, by absorption of green light. A case of sensitized 
dye fluorescence in which the primary energy is provided by a chemical 
reaction instead of irradiation has been described by Kautsky and 
Zocher. If siloxene is oxidized by potassium permanganate, it emits 
a weak bluish chemiluminescence. If dyes such as rhodamine and 
eosin are absorbed on the gel, the characteristic fluorescence of the dye 
is emitted with great intensity as long as the process of oxidation 
lasts {755,1214). 

Quenching of the fluorescence of one dye by the addition of an- 
other dye to the solution has been observed more frequently. According 
to Perrin, the efficiency is greater the more closely the absorption band 
of the second dye coincides with the fluorescence band of the first dye, 
and he therefore ascribes the energy transfer to a “resonance in- 
duction” without giving a very clear idea of the mechanism by which 
the excitation energy is converted into heat. However, a reabsorption 
of the fluorescence light would produce the same •effect, and it is 
difficult to distinguish between these two causes of decreasing fluo- 
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rescencc intenvSity. Examples quoted by Perrin are the quenching of 
the fluorescence of uranin and of fluorescent blue by eosin and by 
methylene blue, respectively (i2oyj2ogj2i2), 

A phenomenon which might be called sensitized fluorevScence 
occurs with naphthacene and some other colored hydrocarbons 
dissolved in small concentrations in crystalline anthracene, when the 
fluorescence of the dissolved compound is excited by light which is 
absorbed by the molecules of the solid solvent. These cases will be 
treated in Section 117. 

As a last type of reaction which can be sensitized by fluorescent 
dyes, the coagulation of colloids such as arsenic sulfate may be 
mentioned. If such a solution is irradiated in the presence of an 
electrolyte (e.g., lithium chloride) and a dye (e.g., eosin), the rate of 
coagulation is highly increased. The sensitization is inhibited by 
addition of an “antioxidant’’ which, under other circumstances, 
would quench the fluorescence of the dye {132). 

111. Fluorescence of Living Plants. Photosynthesis, the assimi- 
lation of carbon dioxide by green plants under the action of light, 
is by far the most important of all photochemical reactions which are 
sensitized by a fluorescent dye. Chlorophyll, which exhibits fluo- 
rescence when it is dissolved in organic liquid solvents, is also fluo- 
rescent when adsorbed on the proteins of a plant leaf. The very 
characteristic luminescence spectrum is nearly the same in both cases ; 
however, the yield, which in alcoholic solutions is of the order of ten 
per cent, is far below one per cent in plants. This small fluorescence 
yield is not exclusively due to the energy transfer in sensitizing photo- 
synthesis, but is caused to a considerable degree by other competing 
“inactive” quenching processes according to the generalized Stern- 
Volmer equation : 


where Qf is the fluorescence yield and a, y are the relative proba- 
bilities of fluorescence, inactive quenching, and sensitization. 

Photosynthesis is a highly complicated process with the overall 
reaction : 

n {CO 2 + HgO -f- xhv}-^ (CHfi)n + nO^ -f- Energy (75) 


The reaction takes place in a series of successive steps in which several 
catalysts cooperate. Several [probably x = 8 in Equation ( 75 )] of 
these steps require an activation energy which is provided by light 
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absorption in the chlorophyll molecules.* Under normal conditions, 
about one-third of the absorbed light energy is lost by inactive 
(quenching. The chemical reactions themselves are not within the 
scope of this discussion, which is concerned only with the fluorescence 
phenomena associated with photosynthesis ( 4 ^ 5 > 7 39 * 744 * 7 50*7 5^*753) • 

Once more the fluorescing 
molecules are those which have 
no part in the sensitizing action : 
fluorescence yield and rate of 
photosynthesis are antiparallel, 
although because of the contri- 
bution of inactive quenching, 
they arc not strictly comple- 
mentary. If photosynthesis is 
slowed down by external con- 
ditions — for instance, by low 
temperature or small COg-con- 
centration in the surrounding 
atmosphere — the fluorescence 
output is enhanced; every in- 
crease of the photosynthesis rate 
is accompanied by decreasing 
fluorescence. The maximum out- 
put of at least one stage of the 
photochemical process is limited by the limited supply of the catalyst 
which is needed for the reaction. If a leaf is subjected to a steady irra- 
diation and if the light input is not too large, fluorescence intensity 
and the rate of the photochemical reaction are proportional to the 
intensity of the impinging light : fluorescence yield and the yield of 
photosynthesis are independent of the intensity of the exciting light 
under these conditions. With increasing light intensity, however, 
photosynthesis tends toward a saturation value corresponding to the 
total quantity of catalyst available for one of the reaction stages. 
Simultaneously, the fluorescence yield increases and approaches a 
value which is about 70% higher than the yield obtained at low 
light intensities. From there on the fluorescence intensity is again 

* A part of the energy which is supplied in successive steps by the transfer 
of a photon is not used up for the reactions and, therefore, appears on the right 
side of the overall equation as “Energy.'* This has nothing to do with the 
“inactive quenching processes" which are characterized by the probability 
coefficient in Equation (7^). 



LIGHT intensity X 10* MC 


Fig. 113. Yield of fluorescence and 
photosynthesis in a leaf as a func- 
tion of the intensity of illumination 
(Franck, French, and Puck), 
a: relative fluorescence yield. 
b: relative yield of photosyn- 
thesis. c: rate of photosyn- 
thesis. 
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proportional to the intensity of the exciting light, the yield now 
remaining constant at the higher level (Figure 113). Not all of the 
energy which is withheld from the photochemical process is gained 
for the fluorescence process, but if one of the principal paths by which 
excitation energy can be lost is blocked by the saturation of the 
catalyst, the number of excited molecules in equilibrium with ab- 
sorbed radiation becomes larger and the fluorescence intensity, there- 
fore, increases. 

Inhibition of photos^m thesis by a poison, such as hydrogen 
cyanide, or by low temperature, causes the rise of fluorescence yield 
to occur at much lower light intensities. Under very weak and very 
strong illumination, the fluorescence of inhibited and uninhibited 
leaves is the same. In the first case, the very low rate of the photo- 
chemical reaction is carried on even in an inhibited leaf, while, in the 
second case, the fraction of the absorbed radiation needed for the 
saturation of photosynthesis in the uninhibited leaf is practically 
negligible. 

Much additional understanding of the whole problem is gained by 
the observation of leaves during the so-called induction period. If a 
leaf which has been kept in the dark for some time is irradiated, the 
fluorescence starts at the same intensity level which is characteristic 
of the state of equilibrium under continuous irradiation. Its intensity 
increases rapidly during the first second until it reaches a value which 
is about three times as large as the initial value. The absolute magni- 
tude of this fluorescence outburst depends on the intensity of the 
exciting light. It is proportional to the primary intensity if the latter 
is not too high, but above a certain critical limit a further increase in 
exciting light intensity produces only a small increase in the fluo- 
rescence outburst. The rate of this initial rise of fluorescence also 
increases with the light intensity and approaches an upper limit which 



Fig. 114. Fluorescence intensity of a leaf as a function of the time of 
illumination (Franck, French, and Puck): (a) during the first 3 sec.; 
(b) during the first 50 sec. ; and (c) during the first 3 min. 
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it can not exceed. The temperature and the COg-concentration of the 
surrounding atmosphere do not influence the rate or the intensity of 
the outburst (Figure 114) {41 5 A3 1^740,749*75^^753)^ 

WTien the fluorescence has reached its maximum intensity at 
the end of the outburst, it decays again, under normal conditions 
during several minutes, until it has dropped to the initial level. From 
there on it remains steady for a practically indefinite time. The decay 
from the peak of the outburst is inhibited by high concentration of 
carbon dioxide; it is vslowed down by Ibw temperature, by poisoning 
the leaf with h^^drogen cyanide, and by a shortage of oxygen in the 
surrounding atmosphere. Every one of these treatments impedes not 
only photosynthesis but also the respiration process. Evidently the 
decay of fluorescence is due to the second of these effects, since it also 
occurs when the leaf is kept in the dark after the end of the fluo- 
rescence outburst. If the illumination is interrupted for a short time 
at the peak of the outburst, fluorescence starts at a higher level 
when the irradiation is renewed; it takes a dark period of about 10 sec 
before the normal “dark state” of the leaf is restored. 

The whole course of the fluorescence intensity during the induction 
period under various conditions is represented in a plausible manner 
by Franck and Herzfeld’s theory of photos^m thesis, which cannot be 
discussed here at length {420). As far as the fluorescence phenomena 
are concerned, the theory explains how the coefficient 7 of Equation 
(74) decreases at first during the induction period and, after having 
reached a minimum, increases again, until an equilibrium state is 
attained. 

The quantitative measurements of the fluorescence intensity 
during the induction period show that the “inactive quenching” is 
also influenced by the distribution of the intermediate products of 
photosynthesis, or that the probability coefficient jS in Equation (74) 
is not constant. The fluorescence peak at the end of the “outburst” is 
almost twice as high as the fluorescence intensity observed during the 
steady state, when photosynthesis is inhibited. Apparently the mole- 
cules in direct contact with the cldorophyll molecules are not the 
same in both cases and the probability of a quenching energy transfer 
is altered. This inconstancy of j3 renders the relation between fluo- 
rescence yield and photosynthesis rate more complicated and increases 
the difficulty of finding any quantitative correlation between the two 
processes. 

112. The ^^Optimum Concentration’’. In many publications the 
concentrations of fluorescent compounds are given in g per cc of the 
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solvent, while other authors refer their measurements to molar con- 
centrations. The following Table 62 may be useful for the conversion 
of the various data from one system to the other. The figures are of the 
same order of magnitude in either system and this may lead to misun- 
derstandings. 


Table 62 

Conversion of the Concentrations of Fluorescent Compounds 
FROM Gram per Cubic Centimeter to Mole per Liter 


(10“3 g/cc = mole/liter; 10“^ mole/liter = r- 10“^ g/cc) 


Compound 

Moleculat 
weight M 

X 

y 

Fluorescein 

370 

2.7 

0.37 

Eosin 

692 

1.44 

0.69 

Erythrosin 

879.4 

1.14 

0.88 

Rose bengale 

1017.2 

0.98 

1.02 

Rhod amine B extra 

446.5 

2.24 

0.446 

Rhodamine 6 G 

450.5 

2.22 

0.45 

Trypaflavine 

259.5 

3.85 

0.26 

Flu chry sine 

301.5 

3.31 

0.30 

Rhoduline orange 

401.5 

2.95 

0.40 

Magdala red 

486.5 

2.06 

0.49 

Thionine 

263.5 

3.79 

0.26 

V^Tsocyanine 

362 

2.76 

0.36 

Malachite green 

346.5 

2.88 

0.35 

Crystal violet 

390.5 

2.54 

0.39 

Quinine sulfate (-f 7H2O ) 

492 

2.07 

0.49 


The fluorescence strength F in a solution is determined by the 
number of photons emitted by a unit volume when light of unity 
intensity enters the volume .through one of its surfaces. If Beer’s law 
is assumed to be valid, it follows that : 

(76a) 

€ being the molar absorption coefficient, c the concentration in moles 
per liter, and Q the quantum yield. For small values of c the equation 
can be replaced by : 

F = €cQ (76b) 

As long as this is permissible, the fluorescence strength increases 
proportionally to the concentration. The exact proportionality be- 
tween F and c was proved, for instance, by quantitative measurements 
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performed with aqueous rhodamine solutions in a range of concen- 
trations between 10“® and lO""® g per cc. Uranin can be traced by its 
fluorescence at concentrations as low as 10~^^ g per cc at which there 
are only a few thousand molecules in a cubic millimeter. In such dilute 
solutions, the fluorescence strength can be used directly for quanti- 
tative analysis. 

On the other hand. Equation (76a) tends toward the limit: 

F - 0 (76c) 

when the value of c becomes very large ; the fluorescence strength is 
equal to the yield at concentrations at which practically all incident 
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Fig. 115. Yield and apparent 
fluorescence intensity / (1). 
and relative fluorescence 
Qr (2) of Tl"^ in a concen- 
trated KCl solution as a 
function of the Tl-concen- 
tration (Pringsheim and 
Vogels) . 



10"^ 10"^ 10"^ lO" 

mole / liter 


Fig. 116. Yield, [Qr), lifetime 
(t/tq), and polarization [plpa) 
of the fluorescence of fluorescein 
sodium in glycerol as a function 
of the dye concentration 
(Vavilov). 


light is absorbed in the volume under observation. F should asymp- 
totically approach this limiting value, ^nd simultaneously the light- 
emitting volume should contract itself with increasing brightness into 
a thin surface layer. This is almost never the behavior which is actually 
observed in a fluorescent solution, when the concentration of the 
fluorescent molecules is increased gradually. After having reached a 
maximum, F decreases again and frequently the solution does not. 
fluorescence at all at very high concentrations (Figures 115-118) 
Such a behavior can be due only to the fact that Q itself is not constant, 
but is a function of c. It cannot be explained by the assumption that at 
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high concentrations a part of the fluorescent light is reabsorbed in the 
solution if the luminescence is observed backward or from the side 
from which the exciting light enters (compare Section 105). 

The existence of an “optimum concentration” is a very general 
phenomenon in fluorescent solutions. It even occurs quite regularly in 
solutions of substances which, like the uranyl salts and anthracene, 
are strongly luminescent in the pure solid state. Compounds as widely 
different as most dyes in water, in 
alcohol or in sugar; uranyl sulfate 
in H 2 SO 4 or in water; benzene in 
alcohol or in hexane; and Tl^-ions 
in aqueous KCl solutions, may be 
mentioned as examples of “self- 
quenching’' (Figure 115). Pekerman 
states, however, that alcoholic so- 
lutions of numerous aromatic 
hydrocarbons and their derivatives, 
such as anthracene, naphthionic 
acid, quinine, esculin, etc. are free 
of self-quenching in a very wide 
range of concentrations {i2ooh). If an 
afterglow is observable in a so- 
lution, it is even more sensitive to 
this eflect. Thus, the phosphores- 
cence of eosin in glycerol attains 
its greatest strength at a concen- 
tration of 5- 10“® g per cc, while the 
fluorescence strength increases up to a concentration of 10 ~^ g per cc. 
Similarly, the afterglow of hematoporphyrin in alcohol can be ob- 
served only at the very highest dilution. For uranin in solid boric 
acid, the fluorescence intensity and the initial brightness of the 
afterglow decrease at the same rate with increasing concentration 
of the dye. The duration of the afterglow decreases as well, however, 
and thus the total phosphorescence output is more strongly quenched 
than the fluorescence {i 78 ,y 5 o,giij 20 ih). 

113. Self-quenching. Two widely different theories have been put 
forward for the explanation of self-quenching.* Both are supported 
by some experimental evidence, but neither is sufficient to explain 
all observed facts and it is probable that each contains a part of 

* A third hypothesis which, at its best, can be applied only to a very 
few specific cases will be mentioned in Section 116. 


Fig 

the 


CONCENTRATION c IN 10’® fl/cc 
(IO”®g/cc s 3.2* lo'® mol«/litar) 

, 117. Yield and lifetime of 
fluorescence of fluorescein 
sodium in water (a) and in 
glycerol {b) as a funct on of the 
dye concentration 
(Szymanowski). 

1 : yield. 2: lifetime. 
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truth. Vavilov and F. Perrin were the first to apply the hypothesis of 
collisions of the second kind to these quenching processes, assuming 
that because of some resonance phenomenon the effective cross- 
sections were particularly large for interactions between molecules of 
the same kind {I2i5j2i6j22ij224jy4gjy58jy62a). A specific me- 
chanism by which this resonance should produce quenching has never 
been proposed. The other theory has been asserted by Walter at a very 
early date; more recently, Levshin and Rabinowitch have been its 
principal champions [giijsiya). According to these authors, the 
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Fig. 118. Fluorescence yield Qr as a function of the 
lifetime r of fluorescein and rhodamine fluorescence 
at various dye concentrations (Szymanowski). 

• fluorescein in water; r from 0.175 to 6.8* g/cc 

O fluorescein in ethanol; c from 2.1 to 23* 

■ fluorescein in isobutanol; c from 0.37 to 10.9- 10~^ 

^ fluorescein in glycerol; c from 0.11 to 12-10~^ 

A rhodamine in methanol; c from 1.0 to 21.5* 10”® 


decrease in fluorescence yield with increasing concentration of the 
fluorescent compound is due to the formation of dimers or polymers 
which are not fluorescent. Such an effect would not be equivalent to 
genuine quenching, however, as was pointed out in the first paragraph 
of Section 109, and the apparent decrease in fluorescence yield would 
not be accompanied by a decrease in the lifetime r of those excited 
molecules which are not polymerized and which are the only molecules 
contributing to the fluorescence. 

The strongest argument in favor of the collision theory of self- 
quenching is the existence of the parallelism between the decrease in 
(jr and r with the increase in concentration of the fluorescent mole- 
cules. This parallelism appeared very clearly in a set of curves that 
were published by Gaviola and Pringsheim, who used Gaviola s 
first measurements of the lifetimes of the fluorescein fluorescence. 
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Szymanowski’s later, more accurate measurements enabled Vavilov 
to replot these curves with slightly greater precision (Figure 1 1 6) 
{461, L). 

The seJf-quenching of uranyl sulfate in concentrated sulfuric acid 
follows the Stern- Volmer Equation (11) up to the highest concen- 
trations of the fluorescent molecule and and r are proportional in 
the same range of concentrations. The problem is complicated by the 
increasing viscosity of the concentrated solutions, which has to be 
taken into account. The self-quenching of anthracene in benzene 
excited by near u.v. also obeys the Stern- Volmer law, but no r- 
values are available for these solutions ( 7297 , 775 -^). 

While IjQy and l/r plotted versus c are well represented by 
straight lines for rhodamine B extra dissolved in methanol, the 
deviations from the Stern-Volmer law greatl}^ exceed the possible 
errors for the same dye dissolved in glycerol, for uranin dissolved in 
water, ethanol, and isobutanol, and for many other dye solutions 
(Figure 117). An obvious discrepancy between the curves for and r 
appears also in P'igure 116. Nevertheless, Figure 1 18, in which the 
values of Table 63 are represented as a function of the corresponding 
T-values proves that, to the first approximation at least, a linear 
relation prevails between these two variables, £ind this is even more 
striking because the dye concentration are spread over a very wide 
range {1624), 


* Table 63 

Lifetimes (in 10~* Sec) and Relative Quantum Yield of the 
Fluorescence of Fluorescein as a Function of the Dye Con- 
centration c ( in mg per cc) in Various Solvents 


Solvent 


Water 

Ethanol 

Isobutanol 

Glycerol 

C 

T 

Qr 

C 

T 

Qr 

C 

T 

Qr 

C 

T 

Qr 

0.175 

5.07 

J.OO 

2.1 

5.07 

1.00 

0.37 

5.07 

0.98 

0.12 

5.13 

0.98 

0.66 j 

5.07 

0.96 

7.0 

3.87 

0.67 

4.5 

3.87 

0.67 

0.36 

5.13| 

1.00 

1.57 

4.60 

0.69 

11.0 

2.13 

0.45 

6.0 

3.33 

0.57 

4.60 

3.67 

0.66 

2.00 

3.87 

0.57 

16.6 

1.20 

0.21 

lA 

1.65 

0.45 

6.9 

3.2 

0.52 

2.82 

3.26 

j 0.39 

23 

0.67 

0.11 

9.0 

2.13 

0.31 

9.0 

2.67 

0.40 

4.6 

CO 

0.18 

— 

— 

— 

10.9 

1.87 

0.21 

12.4 

2.1 

0.26 


Since, in many instances, the experimental values did not fit the 
collision theory of self-quenching, F. Perrin replaced it by a hypo- 
thesis which considered only the influence of the average configu- 
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ration of the molecules and not their relative motion. This hypothesis 
led to the equation : 

Q = (77a) 

^ is a constant depending mainly on a function f(r) which determines 
the quenching probability of an excited molecule by an unexcited 
molecule of the same kind at the mutual distance r {1215,1224). In 
order to explain the existence of an “optimum concentration,” 
Bruninghaus and, later, Ewles have put forward a similar formula for 
the fluorescence strength: F = ; however, a theoretical foun- 

dation for introduction of the exponential which causes the decrease 
in F after passing the optimum is not mentioned by either of the 
authors. Ewles postulates that a dye molecule is luminescent only 
when it is separated from the next dye molecule by some smallest 
number n of solvent molecules Bouchard states that 

numerous measurements which he j^erformed under varying experi- 
mental conditions with various dye solutions are in good agreement 
with Perrin’s equation {i 33-135). Other investigators do not confirm 
this statement. 

As I pointed out incidentally, introduction of a quenching pro- 
bability determined by the function f{r) instead of the rigid “effective 
volume” of Eq. 71 , restores the interdependence of Q and t, although, 
in general, the relation would not be linear; at any rate the molecules 
remaining longest in the excited state would have the greatest pro- 
bability of being quenched (32g,330). This principle is the basis of 
Vavilov’s latest theory of self-quenching, which represents the self- 
quenching of dye solutions in the concentration range from lO’^ to 
10~^ mole per liter, but fails to interpret the behavior at lower con- 
centrations which all previous theories also were unable to explain ; in 
the curves plotting the yield and lifetime as functions of the con- 
centration, the decrease in Q and r sets in with a sharp bend at a 
certain “limiting concentration” Cq, while at lower concentrations the 
curves are nearly horizontal. This behavior has been observed in many 
instances, the value of Cq varying with the nature of the dye and of the 
solvent (Table 64). The polarization of the fluorescence, which will be 
discussed in Sections 118 and 119, decreases also with increasing 
concentration and is even more sensitive in this respect than Q and r 
(Figure 116) (1201b). 

Vavilov assumes the existence of two independent probabilities of 
energy transfer by resonance from an excited molecule to another 
molecule of the same kind, the one leading only to depolarization, the 
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Table 64 

Limiting Molar Concentration at 
Which Self-quenching Begins 


Dye 

Uraniti 

Eosin 

Rhodamine 

6(i 

1 Trypa- 
j flavine 

Coriphos- 

phiue 

Solvent : 






Water . . 

5.10-4 j 

5.10-4 

5 • 1 (r“ 

3.10-3 

3.10-4 

Ethanol . 

:mo-3 

. — 

1-10-3 



Acetone . 

— 

— 

1.4-10-3 

— 

— 

Glycerol . 

1.10-3 

L 

1 

1 - 10-3 

— 

— 


other to quenching, the first being much larger than the second. In 
addition to these time-dependent interactions, a static sphere of in- 
fluence is assumed for the quenching, in the same way as in Equations 
(71) and (72). From these assumptions the following equation is 
derived : 


+ ^ + (77b) 

tq is the lifetime of the excited molecules at lowest concentrations. 
jQq the sphere of static influence, and 1 and 1 determine the proba- 
bilities of quenching and depolarizing energy transfers. The equation 
represents with great accuracy the observed dependence of Q, r, 
and p on the concentration of four dyes dissolved in glycerol. It must 
be emphasized, however, that the theory is purely formalistic in that 
it fails also to interpret the mechanism by which the energy is con- 
verted into heat in the “quenching” transfers (iy62a). 

114, Polymerization and Self-quenching. The absorption spectra 
of many dyes in solutions uhdergo a continuous change with increasing 
concentration, and this change is connected with the self-quenching of 
fluorescence by an unmistakable parallelism. Both effects depend in 
the same way on the nature of the dye and the solvent. For certain 
dyes the deviations from Beer's law in the normal absorption band 
(M) of the dissolved molecules are appreciable even at very low 
concentrations, especially in aqueous solutions (for instance, for 
rhodamine at 5* 10“~® moles per liter and for thionine at 2- 10“’^ moles 
per liter); at higher concentrations new bands appear in the ab- 
sorption spectra and eventually these prevail almost alone. In alco- 
holic solutions the new bands (“D-bands") are observed only at 
greater dj^e concentrations and they may be completely missing in 
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acetonic solutions in which no self-quenching occurs (Figure 1 19) ( 913 , 
The -D-bands are ascribed to dimers of the dye molecules. From 



Fig. 119. Absorption bands of eosin in 
aqueous solutions at various dye concen- 
trations (Soederberg). 


the relative areas under the 
curves representing the ab- 
sorption bands the relative 
concentrations of monom- 
ers and dimers in the so- 
lution can be calculated. 
The results obtained by 
Rabinowitch and Epstein 
with aqueous solutions of 
thionine and methylene 
blue (Figure 120) were in 
good agreement with the 
equation for a partially 


a: 2.5-10-^ g/cc. h \ 2*10-2. c: 3*10-«. dissociated molecule: 


k — 2cx^l( 1 — x) 


(78) 


where c is the total concentration of the dye and x tlie fraction of 
monomeric molecules or “dissociated polymers” {i 3 iya). 

If a thionine solution is irradiated with light of a wavelength which 
is equally absorbed in the two overlapping bands M and Z), the fluo- 
rescence yield decreases at very nearly the same rate as the concen- 
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Fig. 120. Molar extinction coefficient of thionine in water 
[Rabinowitch and Epstein (isiya)] 
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tration of monomeric molecules x. In ethanol, thionine does not 
polymerize and Q remains constant. 

Table 65 

Selb'-quenching and Dimerization oi' Thionine 
IN Different Solve:nts 


Concentration 

j In water 


In ethanol 


Or 1 

QJx 


Or 

2.5-10“® 

0.995 

10 

10.5 

1.0 

20 

2.5- 10-4 

0.732 

6.8 

9.3 

1.0 ! 

19 

2.5 - 10“» 

0.359 

2.7 

7.5 

1.0 1 

20 


If, on the other hand, the fluorescence of an aqueous rhodamine 
solution which is excited by light of wavelength 5461 A is compared 
with the fluorescence ex- 
cited by light of wavelength 
6000A, the decrease in yield 
with increasing concen- 
tration is much smaller in 
the first than in the second 
case : GOOOAand 5461 A cor- 
respond very nearly to the 
peaks of the D and the M- 
bandof the solution (Figure 
121 ) { 913 )- 

If a solution is heated, 
the D-band in the ab- 
sorption spectrum becomes 
weaker and. the fluorescence 
yield simultaneously be- 
comes larger, while all losses of excitation energy due to internal con- 
version or to collision processes are increased by the increase in 
temperature. Only when a certain critical temperature is exceeded 
does the fluorescence yield begin to drop again, because the dimi- 
nivshing polymerization is overcompensated by other quenching 
processes (Figure 122). 

Notwithstanding so much evidence, polymerization alone cannot 
be made responsible for self-quenching, as was pointed out in the last 
section. In some instances, as for thionine in water, polymerization 
may be the main cause, only the relatively small deviations shown in 
Table 65 being due to genuine quenching. In other instances, where the 



Fig. 121. Self-quenching of the fluorescence 
of rhodamine in aqueous solution with in- 
creasing concentration (Levshin). 
a\ exciting light of wavelength 5460A. 
b\ exciting light of wavelength 5900A. 
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parallelism of Q and r has been proved to exist, some sort of collision- 
quenching must prevail and only the deviations from the theoretical 
equations can be caused by polymerization. It has been suggested that 
the polymerized molecules, apart from not being fluorescent them- 
selves, might have a large specific quenching efliciency for the non- 
associated molecules ; no reason is known why this should be any more 
probable than a strong quenching of the excited molecules by non- 
excited monomeric molecules. 

As a matter of fact, the latter possibility and the polymerization 

process might well be related. If, 
in a given solvent, polymerized 
molecules exist in a certain equili- 
brium concentration, this concen- 
tration can be shifted towards higher 
values if the solution is irradiated, 
or, in other words: dye molecules 
which are excited by light absorption 
are quenched by forming a dimer 
in a collision with a nonexcited 
molecule. The conversion of anthra- 
cene into dianthracene undf^r the 
action of near-ultraviolet light is a 
well-known fact, and Weigert has 
shown that, in this case, dimerization 
and quenching of fluorescence are 
complementary { 1799 ). 

/ ' With respect to the self-quench- 
ing of anthracene and other ar- 
omatic hydrocarbons, however, statements are found in the literature 
which seem to be completely contradictory. According to different 
authors the self-quenching of anthracene in benzene, hexane, and 
other solvents is very pronounced (Table 66). According to Pekerman 
the fluorescence of anthracene dissolved in benzene shows typical self- 
quenching, while this phenomenon is completely lacking in alcoholic 
solutions in the concentration range from 10““® to 2-10~^ g per cc 

{I20lb), 

The figures of Table 66A are taken from a paper by Bowen, the 
value of ks for anthracene in benzene being in complete agreement 
with that found by another author (144,1291), The relatively great 
difference of the corresponding value in Table 66B (after Weil- Malherbe 
and Weiss) cannot well be ascribed to the strong prequenching by 



Fig. 122. Influence of tempera- 
ture on the self-quenching of 
fluorescein in aqueous solutions 
(Levshin). 

Concentration r in g per cc. 
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Table 66 

Quantum Yield and Self-quenching Constant ks of Aromatic 
Hydrocarbons in Solution Excited by Near u.v, 

A. Anthracene in the Presence of Atmospheric Air 


(Concentration range: 1.8* 10“^-4.5* 10~2) 


Solvent 

Benzene 

Hexane 

j Acetone 

j Bi acetyl ether 

j Paraffin 

Qo{%) \ 

21.5 

23 

1 

21.4 

29 

ks 

26 

90 

53 

75 

3 


B. Various Hydrocarbons in the Absence of Og { i8o6 ) 
(Concentration range: 10“®-! 0“^) 


Compound 

Solvent 


Compound 

Solvent 

^5 

1 

Anthracene 

Benzene 

60 

Pyrene 

Benzene 

< 10 

Anthracene 

Hexane 

100 

1,2,5,6-Dibenz- 



3, 4-Benzopyrene 

Benzene 

70 

anthracene 

Benzene 

20 

9,10-Dimethyl- 



Methyl chol- 



1, 2-benz- 



anthrene 

Benzene 

77 

anthracene 

Benzene 

83 

Ethylchloro- 

Ethanol 

10® 

1,2-Benz- 



phyllide 



anthracene 

Benzene 

40 





O 2 in the first case, since the solubility of oxygen is much smaller in 
benzene than in hexane. According to a later paper by Bowen, the 
self-quenching constant for benzene, anthracene, and all other 
hydrocarbons enumerated in Table 61 A (Section 108) is smaller than 
0.5, when the solutions in oxygen -free hexane are excited by the 
mercury line 2537A. Moreover, under these conditions the much 
higher value of Qp = 46 % (instead of 23 %) was obtained for he 
fluorescence yield of anthracene. The discrepancy in the values of Qq 
might perhaps be explained by the smaller depth in which the exciting 
radiation of wavelength 253 7 A is completely absorbed and by a corre- 
sponding difference in the reabsorption of the fluorescence radiation. 
It was pointed out in Section 105, however, that this explanation 
cannot be applied to the disagreement between the values. In the 
case of anthracene, Bowen’s later data refer to so low a concentration 
range (from 0.7 to 2.8-10^), that they may still correspond to the 
horizontal branch of the yield curve (Figure 125). It is doubtful how 
far this consideration can be extended to the other compounds listed 
in Table 61 A (i46,z8o6). 

While no quantitative data are available for the self-quenching 
Pringsheim 13 
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of benzene in alcohol, it has been stated by various investigators that 
the fluorescence strength at first increases with concentration, then 
reaches a maximum at a volume concentration of about 2 % (corre- 
sponding to 2.3- 10~2 mole per liter), and finally drops almost to zero 
in pure liquid benzene. The fluorescence reappears strongly when the 
liquid crystallizes (rjio). 

The fluorescence yield of dyes becomes smaller also at high con- 
centrations, when they are dissolved in a solid ; for instance, in sugar 
the ^-value of uranin is constant at concentrations between 10“® and 
10”^, it drops rapidly at concentrations above 10~^, and is only about 
7 % of its highest value at the concentration of 2- 10“^.* In media of 
such great viscosity, no collisions occur and dimerization due to the 
interaction of an excited and an unexcited molecule is possible only if 
the two are immediate neighbors. Otherwise, self-quenching in a solid 
solution must be ascribed either to “configuration-quenching” or to 
the production of dimers by a dark reaction preceding the solidifi- 
cation of the solution. The latter phenomenon alone would not suffice, 
however, for an interpretation of Levshin’s observation that the dura- 
tion of the phosphorescence of fluorescein in boric acid is reduced to 
about one-half when the concentration of the dye is increased from 
10-2 to 3*10-1% (gjjy 

All the foregoing remarks refer to directly excited fluorescence 
and phosphorescence of solutions, as it is observed, in general, at room 
temperature. G. N. Lewis found the duration of the indirectly excited 
slow fluorescence of fluorescein in glycerol at — 180° C to be inde- 
pendent of the dye concentration in the range from 5* to 5* 10~^ 
moles per liter. It is not impossible that, nevertheless, the apparent 
yield is appreciably smaller at the higher concentrations if its decrease 
were due exclusively to the formation of nonlumincscent dimers (929, 
9JO)- 

If the concentration of a dye in aqueous solution is just below the 
critical value Cq of Table 63, the quenching efficiency of foreign ions, 
such as 1“ and Br~ is much larger than in solutions of lower dye 
concentration. Moreover, the D-band appears in the absorption 
spectrum under these conditions when the quencher is added to the 
solution. Both effects become weaker with increasing temperature. 
Banow supposes, therefore, that, because of the tendency of the halide 
ions to hydration, the number of solvent molecules at the disposal of 
each dye molecule is lessened and thus the “real concentration” of 


These concentrations are given in gram dye per qc solvent (Table 62). 
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the dye is increased. It would be a first step toward salting out. 
Similar effects are not observed at the same concentration in alcoholic 
solutions in which no polymerization takes place. In these solutions, 
an increase in temperature enhances the quenching by foreign ions 
as in the other instances described in Section 107 { 6 o,iy 23 a). 

115. Polymers with New Fluorescence Bands. I'here is, of course, no 
reason in principle why polymerized molecules should always be non- 
fiuorescent. Pseudoisocyanine chloride exhibits relatively broad and 
diffuse "molecular" absorption bands at 5300 A and at 4820 A 
in alcoholic solutions and if the concentration is low, also in aqueous 
solutions. If dye concentration 
exceeds 10“^ molar in aq. soluti- 
on, a new narrow absorption 
band P appears in the yellow, 
and, simultaneously, a weak 
fluorescence. By increasing the 
concentration to about 10“"2 
molar, the fluorescence and 
absorption band P are greatly 
(nhanced, the absorption in the 
other bands becomes weaker, 
and the liquid solution is con- 
verted into a gel (Figure 123). 

If the temperature is lowered, 
the P-band in the absorption 
spectrum and the fluorescence 
begin to be observable at lower 
dye concentrations. The pheno- 
menon as a whole is caused by the formation of highly polymerized 
molecules which consist of large numbers of parallel planar dye 
molecules piled upon each other face to face so that long chains are 
built up ( 685 , 1414 - 1418 ). 

The fluorescence of these solutions is exceedingly sensitive to the 
presence of quenchers of very low relative concentrations. Addition 
of 10”® mole per liter of pyrocatechol to a solution containing 0.2 mole 
per liter of pseudoisocyanine chloride quenches the fluorescence to 
80% of its maximum value: a single quenching molecule is able to 
affect the light emission originating from a very large number of dye 
molecules which obviously form a unit. The molar concentration of the 
polymers is far below the calculated concentration of the non- 
associated dye molecules and the light emission by the entire poly- 


5727 A 

p 



Fig. 123. Molar absorption coeffi- 
cients of v>-isocyanine chloride in 
aqueous solution (Scheibe). 

1: 10“^ mole per liter. 2: 10“^. 
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merized molecule is inhibited if any of the dye molecules forming the 
chain are in contact with a quenching molecule. 

Various cyanine dyes behave similarly. For the dye mentioned 
above, the wavelength of the P-band is 7287A and the center of the 
fluorescence band which overlaps the P-band is shifted only slightly 
toward greater wavelengths. The fluorescence can be excited as 
“resonance radiation” by light absorption in the P-band or by ab- 
sorption in one of the other bands which are characteristic also of the 
nonpolymerized molecules (“molecular bands”). The fluorescence 
yield rises rapidly in the concentration range in which the gelation 
occurs and remains constant at higer concentrations up to the point 
at which only very little water is left in the solution. With complete 
dehydration the P-band and the corresponding fluorescence disappear. 
The pure crystalline dye shows a deep red fluorescence. 

The exact location af the P-band depends on the amount of water 
which is present in the gel. The water molecules play an important part 
in the cementing of the polymerized aggregates. In alcoholic solutions 
no polymerization of this kind occurs, the P-band does not appear in 
the absorption spectrum and the solution is not fluorescent at any dye 
concentration { 339 , 9 ^ 9 ^)- 

Different dyes of this class have P-bands more or less shifted in 
wavelength with regard to each other. In a mixture of two such dyes 
— for instance, diethyl-^-cyanine and diethyl-^-thiacyanine which 
have individual P-bands at 5790 and 5450A — the dyes together 
form “heteropolymerized” molecules with a P-band which is 
intermediate between the bands of the two isolated dyes and 
cannot be explained by a mere superposition of the two individual 
bands. 

In solutions of dinaphtho-substituted ^-isocyanine, the P-band 
appears in the absorption spectrum at dye concentrations about 100 
times smaller than in the solutions of the other dyes; the solution, 
however, does not turn into a gel, nor does it become fluorescent. Only 
the high degree of polymerization at which the solution is solidified 
brings about the fluorescence. The less complete polymerization by 
which the solution is not converted into a gel does not suffice, though it 
is sufficient for the appearance of a P-band. 

On the other hand, some dyes of similar structure become gejs 
at high concentration in aqueous solution without the appearance of a 
new narrow absorption band; nevertheless, they too become fluo- 
rescent in the gel state, although they are not fluorescent as long as the 
solution is liquid. Thus, the highly polymerized molecules of mono- 
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naphtho-^-thiacyanine can be excited to a green fluorescence by 
irradiation with near-ultraviolet light (732). 

Instead of increasing the concentration of an aqueous solution, the 
fluorescent dye polymers can also be “salted out” by addition of 
hydrochloric acid to a dilute solution. 

E. Fluorescence and Ionization 

116. Fluorescence of Neutral and Ionized Molecules, The decrease 
of fluorescence yield with increasing concentration was first observed 
in aqueous dye solutions, and it seemed very plausible to assume that 
the effect was due to the decreasing dissociation of the molecules into 
ions. The controversy regarding the question of whether dyes are 
fluorescent only as ions, occupies much space in the earlier fluorescence 
literature. The discovery of the strong fluorescence of pure aromatic 
hydrocarbons, such as anthracene or naphthacene, which never 
ionize in solutions, proved unequivocally that this could not be a 
general rule. These hydrocarbons show self-quenching of the same 
magnitude as do the dye solutions. 

There is no reason why fluorescence power should be essentially 
connected with the state of ionization of a molecule. It is possible that 
a compound is fluorescent both in the neutral state and in different 
states of ionization, but each of these states will, in general, be charac- 
terized by different absorption and emission bands. Thus, the blue- 
violet fluorescence of quinine sulfate in aqueous solution is relatively 
weak ; if the solution is acidified, the color of the fluorescence changes 
into a whitish blue and the fluorescence intensity is greatly enhanced. 
This enhancement is not caused primarily by an increased fluorescence 
yield but by a corresponding increase in absorption power in the near 
ultraviolet. In an alkaline solution the fluorescence is still weaker than 
in neutral solution and of a dark violet color. Different ionization 
states of the quinine sulfate molecule with unequal optical properties 
coexist in a solution in proportions depending on the ^H. If the 
whitish blue fluorescence of an acidified aqueous solution is quenched 
by the addition of KI, the fluorescence color turns into the blue-violet 
characteristic of the neutral solution, because the doubly charged ions 
responsible for the whitish-blue fluorescence are more strongly 
quenched than the others.* If, on the other hand, quinine sulfate is 

♦ If an aqueous solution of quinine sulfate is acidified by addition of a very 
small quantity of hydrochloric acid, the welhknown light blue fluorescence 
appears; increasing the Cl~ concentration quenches this fluorescence completely, 
so that even in the acid solution only a weak, violet fluorescence is left. 
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absorbed from an acidified or from a neutral solution on to silica gel, 
the absorbed material always shows the same light blue fluorescence, 
because the doubly charged ions are preferentially absorbed on the gel 
{g 82 , unpublished experiments). 

The behavior of fluorescein in solutions of varying is similar. 
The negative ions, prevailing in alkaline solutions, show a brilliant 
yellow-green fluorescence ; the fluorescence of th(' positive ions formed 
in an acidified solution is blue green and weaker than the former when 
excited by near-ultraviolet radiation (71). This decrease in fluo- 
rescence power is again due at least 
in part, to a smaller absorbing 
}^)ower; if excitt^d by light of wave- 
lengths below 3000A the difference 
in fluorescence intensity of the 
alkaline and of the acidified solutions 
is much less pronounced. In neutral 
solutions fluorescein is almost color- 
less and nonfluorescent. 

Quinoline red has a very nearly 
constant fluorescence yield in the 
whole pH range from --- 1 to -f- 12 
{ 339 ) ‘ Other dyes — for instance, 
alloxazine and its derivatives (among 
which riboflavin or vitamin Bg is 
the most interesting) — are fluores- 
cent only in solution of medium pH 
(between 3 and 9), where they probably exist as neutral molecules 
or as amphoteric ions {y 32 , 846 ), The positive or negative ions formed 
in strongly acidified or alkaline solutions are not fluorescent (Fig, 124). 
3-Aminonaphthalhydrazide (luminol) is adsorbed from an alcoholic 
.solution on gels of either polarity, and in both cases the adsorbed 
substance has the same strong blue fluorescence characteristic of the 
amphoteric molecule, which is bound to either gel by one of its 
localized charges. In alkaline or acidified solutions the compound 
exists in the form of a negative or a positive ion; the fluorescence 
of the latter is green, even when adsorbed on a gel of negative polarity, 
and the former is not fluore.scent at all. 

Because of the diffuseness of most fluorescence bands, the 
weakening of one band and the simultaneously increasing intensity of 
another with changing of a solution frequently gives the impression 
of a continuous transition from one spectrum to the other by a stepwise 



pH 


I'ig. 124. Fluorescence intensity 
of riboflavin and alloxazine as 
a function of pH (Kuhn and 
Maruzzi, Karrer and Fritsche). 
1 ; riboflavin. 2: alloxazine 
viewed through blue screen. 

3: .same viewed through 
green screen. 
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shift of the band maximum. This, however, is never the true behavior. 
The fluorescence spectrum of acridine at room temperature consists of 
a broad band which has its maximum in the blue violet in a neutral 
solution and in the blue green in an acidified solution. At liquid-air 
temperature both bands split up into four narrow bands which overlap 
only very little. If, under these circumstances, a neutral alcoholic 
solution is acidified very slightly, it can easily be seen that the new 
band system appears gradually while the other bands become weaker 
(unpublished observations) {i46g). If thin layers of acridine and an 
organic acid, such as salicylic acid, are distilled in vacuo, one on top 
of the other, onto a cold surface and are maintained at the tempera- 
ture of liquid air, the color of the violet fluorescence which is excited 
by irradiation with the near u.v. light of a mercury lamp changes, 
with time, to green; the same reaction of the acridine molecule which 
occurs spontaneously in an acidified liquid solution and which consists 
in the capture of a proton is induced in the solid state by the absorption 
of light. The process is reversed by a subsequent irradiation with the 
mercury line 253 7 A by which the fluorescence regains its initial violet 
color (1640a). 

If the characteristic fluorescence of a solution is due to the fact 
that it contains a compound in a certain state of ionization — for 
instance, doubly charged quinine ions - -- the observed strength of the 
fluorescence must, of course, depend on the degree of ionization 
which is a function of concentration of the compound. However, a 
strict proportionality between the dc^gree of ionization and the fluo- 
rescence intensity would occur only under especially favorable con- 
ditions; the fluorescence strength at low concentrations would be 
proportional to the number of ionized molecules only if the non- 
dissociated ions have no absorbing power for the exciting radiation, 
and the fluorescence yield would be proportional to the number of 
ionized molecules only if ionized and nonionized molecules have 
exactly the same absorbing power for the exciting light (345). 

Under no circumstances can the whole problem of self-quenching 
be explained by the influence of the concentration on ionization. This 
was shown by Vavilov’s measurements, in which the influences of the 
concentration on the fluorescence yield Q and the electric conductivity 
a were compared for uranin solutions. In the concentration range where 
the steep slop<^ of the yield curve sets in, the conductivity curve shows 
no anomaly whatsoever, its shape over the whole range being typical 
for a strong electrolyte.* (Figure 125) [i749)> 

* The very steep slope of the conductivity curve obtained by Vavilov for 
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Because of the dependence of the color and intensity of the 
fluorescence of many solutions on their such solutions can be 
used as “indicators,” in the same way as the well-known color indi- 
cators. Lists of fluorescent indicators for a pYi range from 0 to 13 have 
been compiled by several authors. 

117. Fluorescence and Photoelectric Effect. The question of 
whether neutral molecules or ions are the carriers of photoluminescence 
bears no relation to the problem of the mechanism by which lumi- 
nescence is produced. It would be different if the excitation of fluo- 
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Fig, 125. Fluorescence yield and electric conductivity of 
an aqueous fluorescein solution as a function of the dye 
concentration (Vavilov). 
a: fluorescence yield 0/0©. h: electric conductivity a. 


rescence were due to the ionization process itself, as was assumed by 
different authors for some time, A probable connection between photo- 
electric sensitivity and fluorescence power was pointed out for the 
first time by Elster and Geitel, who found that certain fluorescent 
minerals as well as artificial “phosphors” showed a relatively strong 
photoelectric emission when they were irradiated with light which was 
able to excite their luminescence. Starting from this observation, 
Lenard later developed his photoelectric theory of the phosphorescence 
of crystal phosphors (compare Chapter VII) {361), 

Others, especially J. Stark, tried to apply the same hypothesis to 
fluorescent dyes and other organic compounds. As a matter of fact, 
he observed photoelectric emission by dyestuffs in the solid state under 

the lowest dye concentrations must be due to some secondary cause; an equi- 
valent conductivity of 600 is quite impossible for a dye ion of molecular weight 
278 in an aqueous solution. 
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the action of light which was able to produce the fluorescence of the 
same dyes in a liquid solution. However, the solid dyes were not fluo- 
rescent and no photoelectric effect could be produced in any liquid 
solution. Results which at first were supposed to prove the existence 
of the effect looked for were soon proved to be erroneous ; they were 
really due to thin colloidal layers of the solid dye formed on the surface 
of the solution. Nor is an increase of electrical conductivity of the 
solutions produced as an internal photoelectric e fleet, as was shown 
by Goldmann, whose possible experimental errors were less than 
0.01 %. Some apparently positive results of other authors are ex- 
plained in part by an increase of temperature and in part by a polari- 
zation of the electrodes (so-called Becquerel effect). It is true that, 
according to Volmer, solutions of aromatic hydrocarbons are ionized 
by irradiation with light of wavelengths below 2200A, but Volmer 
showed also that light of longer wavelengths which excited strong 
fluorescence in these solutions had no influence on their electric con- 
ductivity. It need not be emphasized that the hypothesis according to 
which a dye in solution should be ionized by light absorbed in its 
long-wavelength absorption band has lost all theoretical foundation 
(510,1199,1549,1552,1779 ) . 

The problem with regard to organic compounds in the solid 
crystalline state is .somewhat different. Volmer found that light of the 
violet and near-ultraviolet region which excites fluorescence in solid 
anthracene also causes photoconductivity in the crystals. On the other 
hand, it has already been mentioned that light which is absorbed in the 
typical anthracene bands between 3500 and 3900A is able to excite the 
fluorescence of naphthacene dissolved at a very low concentration in 
the anthracene crystals. Similar cases of a “sensitized fluorescence” 
were observed when naphthacene is dissolved in different other crys- 
talline hydrocarbons. It is certain that the very characteristic strong 
green fluorescence of naphthacene is not excited by the absorption of 
light by the relatively few naphthacene molecules themselves. If 
crystals in which the violet anthracene fluorescence is almost com- 
pletely suppressed by the green naphthacene luminescence are heated 
to the melting point, the green luminescence vanishes at the instant 
at which the substance is liquified. If at room temperature the same 
crystals are dissolved in liquid benzene the fluorescence spectrum of 
the solution consists exclusively of the anthracene bands with no trace 
of the napthacene bands, although the relative number of anthracene 
and naphthacene molecules remains unchanged (143b, 458a, 1803, un- 
published observations). 
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It might be that the primary effect of light absorption in the 
crystals is the liberation of photoelectrons, and that these transfer 
the excitation energy through the crystal to a naphthacene molecule, 
which has a greater emission probability than the anthracene mole- 
cules. However, this mechanism, although it plays a very important 
part in the luminescence of “crystal phosphors,” can hardly be sup- 
posed to act in anthracene crystals. The absorption bands of these 
crystals have — except for a small shift towards greater wavelengths 
— exactly the same structure as the absorption bands of anthracene 
vapor or anthracene in liquid solutions, and so they cannot be ascribed 
to the transition of an electron to a free conduction band in the crystal : 
they must be associated witli an electronic transition within the mole- 
cule itvself. (The same is true for the uranyl salts and other fluorescent 
crystals which do not belong to the class of crystal phosphors). 

The correct interpretation of the phenomena is probably to 
ascribe it to exciton migration, but the experimental material is not 
yet sufficient to draw unequivocal conclusions. It may be mentioned 
in this connection that, according to Franck and Teller, the narrow 
absorption and fluorescence bands of polymerized cyanine dyes are 
caused by exciton migration along the chains of which the polymers 
consist. However, there are reasons which make it at least equally 
probable that the bands are due instead, to an electronic vibration 
moving from one end of the chain to the other { 428 ). 

Taking everything into account, it can be stated that photo- 
electric effects have no, or only a very unimportant, part in the photo- 
luminescence phenomena with which this chapter is concerned. 


F. Polarization and Angular Intensity Distribution 
of Fluorescence Radiation 


118. Polarization Caused by the Anisotropy of Oscillators. If a 

totally isotropic electronic oscillator is excited by the absorption of 
plane-polarized light, the radiation emitted by the oscillator is also 
plane polarized. However, this polarization is affected by very small 
perturbations such as magnetic fields, interaction with other molecules, 
etc.; in a condensed system it would, in general, be completely 
destroyed. If, nevertheless, fluorescence radiation from a condensed 
system is partially polarized, this can be due only to the fact that the 
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molecules as a whole are more or less optically anisotropic and that 
there are fixed axes within the molecules along which the electronic 
oscillations occur preferentially. 

In solid dye solutions the fluorescence and phosphorescence was 
found to be polarized to nearly the same degree ( 209 ). It is quite im- 
possible that an isotropic electronic oscillator should “remember” for 
a period of several seconds the direction of the impulse which it 
received at the moment of excitation, and this observation proved for 
the first time that the polarization was due to the orientation of the 
whole molecules and to the persistence of this orientation.* 

A temporary dichroism, which is produced in a solid dye solution 
when it is irradiated with plane-polarized light of great intensity, is 
complementary to the polarization of the afterglow. If, in Lewis' ex- 
periments described in Section 104, the “exciting” light beam is 
polarized with its electric vector parallel to the Z-axis, the absorption 
of the “measuring light” in the band at 4365 A which originates from 
the ground state N of the fluorescein molecules is about 30 % weaker 
for light with its electric vector parallel to Z than for light with its 
electric vector perpendicular to Z. On the other hand, the light ab- 
sorption in the band at 6500A due to the molecules in the quasi-stable 
state M is more than 50 % weaker for light polarized parallel to Z. 
This proves once more the anisotropy of the individual molecules. 
Those molecules which are oriented so that their electric oscillators 
have a strong component parallel to Z are preferentially removed 
from the ground state and raised into the quasi-stable state by the 
strong illumination with polarized light (gjo). 

Although the fluorescence of a dye solution is partially polarized 
when it is excited by plane -polarized light, it shows no trace of circular 
or elliptical polarization when the exciting light is polarized circularly 
or elliptically. If electrons within the molecules were free to follow the 
direction of the electric field which is produced by the incident ra- 
diation, circular or elliptical polarization should be observed under 
these conditions, as in the resonance radiation of vapors {^28,1044, 
1223), 

In Section 72 the problem of the totally anisotropic (linear) 
resonator as a source of emission and absorption has been mentioned. 

* According to later investigations, the degree of polarization of the 
phosphorescence is usually smaller by a few per cent than the polarization of 
the fluorescence. This is understood without difficulty, however, since all 
depolarizing effects which will be mentioned in the following sections increase 
with increasing duration of the emission process. 
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The assumption of the presence of such oscillators does not suffice to 
represent many experimental results obtained with complicated mole- 
cules in condensed systems. The most general model of a fluorescent 
molecule consists of an emitting oscillator F and an absorbing oscil- 
lator A which have different frequencies but are coupled to each other 
so that light absorbed in A is re-emitted by F. F has different am- 
plitudes a^, along three axes -q, I fixed within the molecule 
and A has different amplitudes a'^, along three axes tj', 
which are rotated with respect to f , rj, ^ by angles with the cosines 
(^ = T 2, 3; y = 1, 2, 3). In the following it may be assumed that 
(parallel to is larger than and 02 , and that (parallel to C) 
larger than Pij ~ ^ ^ ^ 3 At = 1, T' and A 

coincide; if, furthermore, — a^z=z 0 ^ the model goes over into the 
totally anisotropic oscillator. In general, F and A will coincide if the 
emission and absorption processes correspond to the same electronic 
transition. If, however, the absorption occurs in an absorption band 
which corresponds to an electronic transition other than the emission 
band, A and F may form any angle less than, or equal to, 90® with 
each other { 668 , 671 ), 

If the fluorescence spectrum consists of one single band, the 
degree of polarization is the same for all parts of this band. Only in the 
infrequent cases where a fluorescence band is split up into many 
narrow lines, as in the crystalline uranyl salts, can groups of these lines 
show a different degree of polarization (ordinary and extraordinary 
spectrum). If the structure is blurred out — for instance, at higher 
temperatures — only the average polarization of the whole band 
remains to be measured. 

A classical model does not exist for an oscillator with a single 
frequency, which is anisotropic in three perpendicular directions.* 
The well-known Lange vin molecule, in which an electron is bound in 
three perpendicular directions by different forces, also has three 
different characteristic frequencies. This has little importance in the 
treatment of Rayleigh-scattering, where the frequency of the incident 
light differs widely from the characteristic frequencies of the scattering 
molecules. According to quantum theory, the model would correspond 
to a molecule with three excited levels of practically identical energy 
but of different transition probabilities to the groimd level; each of 

♦ Such a model might be realized by assuming an oscillator which is 
spherically symmetrical as far as the binding forces are concerned, but in which 
a trigger mechanism inhibits the oscillations along two ofthe axes and ^during 
certain periods. 
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these transitions would produce radiation polarized parallel to one of 
the axes t], C- A quantum-mechanical treatment of the problem has 
not yet been put forward. Jablonski’s calculations are purely for- 
malistic and were derived from the assumptions stated above. 

Whatever may be the absorption process, the same equilibrium 
distribution between the different excited levels (or excited oscillators) 
is always restored before the emission process sets in in a condensed 
system. Hence, the polarization of the fluorescence emitted by an 
individual molecule is exclusively determined by the properties of the 
molecule and by its orientation with respect to the observer, and not 
by its orientation with respect to the direction and polarization of the 
primary light. 

In the following discussion the exciting light beam is supposed to 
be parallel to the A'-axis and to be plane polarized with its electric 
vector parallel to the Z-axis.* The fluorescence light is observed in the 
direction of the Y-axis, X, Y, Z being a system of orthogonal coordi- 
nates fixed in space. The orientation of the molecules, or of their 
system with respect to the Z-axis, is important only Jor the 
intensity of excitation (or for the probability of excitation) of an 
individual molecule, and, therefore, it determines the intensity of the 
fluorescence radiation. 

The polarization of the fluorescence can be negative, or the fluo- 
rescence light can be partially polarized perpendicularly with respect 
to the electric vector of the exciting light (perpendicular to Z) , if the 
angle (^f') is greater than 54.5° ^/\/3). Strong negative polari- 

zation of great intensity occurs if ^ ' is parallel to Z and perpendicular 
to The polarization of the total fluorescence radiation, as it is 
measured by an observer, results from the superposition of the inco- 
herent elementary waves emitted by all excited molecules. It is there- 
fore determined by the orientation of all molecules, with respect to 
the observer as well as to the electric vector of the exciting light. Two 
limiting cases are of special interest for the angular distribution of the 
individual oscillators relative to each other : complete order or paral- 
lelism of all systems rj, ^ and rj\ C', respectively, as in a crystal- 
line lattice and complete statistical disorder as in a liquid solution. 
Intermediate instances of a partial order can be realized in streaming 
liquids or with compounds adsorbed on an anisotropic gel. 


* If the exciting light is unpolarized, and if the fluorescence is observed in 
any direction perpendicular to the primary beam, the equation in the footnote 
of Section 72 again determines the relation between pp and p^. 
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119. Polarization of Fluorescence in Liquid Solutions and Influence 
of Molecular Rotation. If the fluorescing molecules can be represented 
by linear (completely anisotropic) oscillators, if they are at rest, and 
if they have a statistical angular distribution, the polarization of their 
fluorescence radiation is, under the conditions stated in the last 
section, — 0.5 (50%). For the more general model with arbitrary 
values of all amplitudes Ui and [i — 1, 2, 3 and 7 = 1, 2, 3) and 
arbitrary values of the directional cosines the equation for the 
degree of polarization takes the form : 


pQ — 


3/g^— 1 
3 + 


( 79 ) 


1 

where ~ The extreme values of p^ are — and + Va- 

3 

maximum negative polarization corresponding to ^ q the 
maximum positive polarization to — 1 . (For both extreme cases, 
a^ = a2 = a'l — a2 = 0 :a<^ and > 0, and ^^33 = 0 or ~ 1 , respectively) 
{611,672). 

In' a vapor at low pressure the angular orientation of the axis 
around which the molecules rotate, in general remains, constant 
during the lifetime of an excited state. Under these circumstances, 
the fluorescence emitted by linear oscillators which are excited by 
plane-polarized light is depolarized from p^ = 50% to p = 14.3%, 
because of the molecular rotation. In a liquid solution, however, the 
molecules no longer perform the rotation characteristic of a free- 
spinning top: their rotation is determined by the laws of Brownian 
movement {gog, 1217, 1220). 

According to the theory developed by SmolucKowski and by Ein- 
stein, a spherical particle of volume V rotates in a liquid of viscosity t) 
in a short time At through an angle Ay, the mean value of which is:. 



® rjV 


( 80 ) 


By inserting the sufliciently short lifetime r for At in this equation, 
the reduced degree of polarization which results from rotations of all 
individual resonators around statistically oriented axes can be calcu- 
lated to be: . 

P=-Po (81a) 

If all other parameters occurring in Equation (81a) are known, 
the measurement of as a function of rj and T permits the deter- 
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mination of r, exactly as the lifetime of an excited mercury atom was 
derived from the depolarization of its resonance radiation in a mag- 
netic field. T is supposed to be a constant in Equation (81a) and, 
therefore it cannot be claimed as a new result that, in the range of 
validity of Equation (81a), r is independent of the viscosity: if r is a 
function of 77 , the equation cannot be applied {224). 

Since, for small viscosities, p is f)roportional to the viscosity it 
can easily be understood, in view of the small viscosity of the usual 
solvents (water, alcohol, hexane, etc.), why th(^ fluorescence of liquid 
solutions was generally considered to be always unpolarized. The ob- 
servation that fluorescence emanating under an oblique angle from 
a transparent medium is partially polarized is, of course, not related to 
this problem. It follows from Fresners laws governing the reflection 
of light on the surface which separates the fluorescing medium from 
the surrounding atmosphere. The degree of polarization found under 
these conditions agrees quantitatively with the value derived from 
Fresnel’s equations. For the fluorescence of canary glass observed 
under an angle of 80'’, p becomes about 35 %. In order to avoid this 
secondary effect, observations must bo made as nearly perpendicular 
to the surface as possible (Jojo). 

Only by investigating the fluorescence of dyes dissolved in highly 
viscous media, such as glycerol or gelatin, did Weigert discover that 
the earlier assumption was erroneous {1800,2804), Further research 
on the polarization of the fluorescence of dyes, hydrocarbons, cy- 
anoplatinites, and uranyl salts in liquid solutions and its dependence 
on the different parameters contained in Equation (81a) proved that 
the theoretical ideas stated in the last section were in general agreement 
with experimental results. In Table 67 a number of examples of the 
interdepcmdence of p and 77 are compiled. The viscosity was varied 
either by stepwise addition of water to glycerol or of ether to isobutyl 
alcohol, by using a series of solvents which, apart from their different 
viscosity, have similar properties (for instance, the different aliphatic 
alcohols), or, finally, by varying the temperature of a solution (J97, 
2ig, 567, gog,gio, 1043, iy6s). In the last case not only the variation of 
77 but also that of T must be taken into account, as is shown by the 
comparison of the two curves in Figure 126. 

Equation (81a) can be written in the form: 

RT 

{^IP - Vs) - ( V'/^o - Vs) (1 + r) (81b) 

Hence, 1/^ as a function of I /77 is represented by a straight line which 
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17 X 10* 


Fig. 126. Polarization of 
fluorescence of erythrosin 
in various alcohols as a 
function of the viscosity 
[Levshin (909)] 



1/17 


Fig. 127. Polarization of fluorescence as 
a function of the viscosity (Pringsheim 
and Vogels). 

a ‘. trypaflavine in octanol-ether. h \ try- 
paflavine in glycerol-water. c\ fluores- 
cein in glycerol-watcr (after F. Perrin). 


Table 67 


Degree of Polarization p of the Fluorp:scence of Liquid 
Solutions as a Function of the Viscosity r; 


Uranin in 
glycerol -f 
water 

I — 

0.01 

0.018 

0.033 

0.055 

0.137 

0.348 

3.82 

1 ~ iPo) 

p 

i 1.7 

3.0 

5.9 

10.5 

19.2 

29.2 


(44) 


Trypaflavine 
in octanol 
-f ether 

V \ 

0.08 

0.09 

0.12 1 

0.15 1 

1 0.27 

0.37 1 

0.67 

~ (^’o) 

[pj 

3.1 

3.5 

1 

1 4.3 

5.3 

6.7 

8.3 

i 

LH 

(35) 


Erythrosin in : 

Methanol 

Ethanol 

Propanol 

Isobutanol 1 

Glycerol 

Water 


V 

0.006 

0.012 

0.024 

0.042 

6 

0.011 


p 

6.5 i 

J 

10.4 

14.4 

1 

1 17.6 

35 

32 



Tempera- 
ture ° C 

15 

31 

47 

63 

81 

Erythrosin 
in water 


0.0114 

0.0079 

0,0058 

0.0045 

0.0035 

p 

32 

28 

24 

20 

15 


crosses the axis of 1 /t 7 = 0 (corresponding to infinite viscosity) at the 
point p = pQ. The value of pQ is found by extrapolation from a series of 
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measurements of p in solvents of increasing viscosity; from p^ the 
lifetime r can be calculated.! 

In order to derive values for t from his measurements, Levshin 
introduced plausible values for V in Equation (81a) and in this way 
obtained lifetimes which were in reasonable agreement with those 
found by means of a fluorometer. Later, F. Perrin determined the F’s 
for different dyestuffs in each individual solution by diffusion measure- 
ments. The value of V in Equation (81a) is not the volume of the 
isolated dye molecule, but the volume of the molecule with its solva- 
tion envelope, so that V differs for a given dye in different solvents — 
for instance, it is not the same in pure glycerol as in a glycerol-water 
mixture. Therefore, not l/r^but I/77 F must be used as the variable in the 
diagram for Xjp, In the range of not too small viscosities, at least, 
Perrin obtained points lying fairly well on a straight line (Fig. 127) and 
from these he was able to calculate values for p^ and for r which are 
reproduced in Table 68 {gog,gioj2i7J22o ,1221,1225 ,1226, iy6 5). 


Table 68 

Maximum Polarization and Lifetime t of Excited 
State for Fluorescent Solutions 


Fluorescent 

compound 

Uranin 

Erythrosin 

Resorufin 

Chloro- 

phyll 

Quinine 

sultate 

Anthra- 

cene 

Cyanopla- 

tinitc 

P„ .... 

44 

45 

44 

43 

46 

25* 

40 

T.10» . . . 

4.3 

0.08 

3.1 1 

30 

40 

250 

0.3 


♦ For a much higher value of p^, compare page 374. 


However, the theory as developed by Levshin and by Perrin is 
not yet quite satisfactory. Not only is the hypothesis that the molecules 
can be treated as ideal spheres, as in the theory of Smoluchowski and 
Einstein, a rather rough approximation but moreover, the values of 
tq cannot be assumed, in general, to be the same in solutions of differ- 
ent viscosities, as has been pointed out in Section 107. It would be 
preferable, therefore, to take TQ^frjV instead of Tj'qV as variable in 
diagrams of the type of Figure 126. 

For rhodamine B or G dissolved in glycerol at a concentration 
of 5- 10~^ g/cc, the degree of polarization of the fluorescence does not 

t T can be directly derived from the diagram by prolonging the straight 
line beyond the zero axis to the point 1/^ = ^/a and a corresponding negative 
viscosity This point rj <. 0 and p = 3 has no physical meaning, since neither 
negative viscosities nor polarizations greater than 100 % can exist. The lifetime 
is given byir = — rjV JRT, See, for instance, curve a in Figure 127. 
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decrease at all with increasing temperature and decreasing viscosit}^ 
because the fluorescence yield decreases so rapidly at the same time 
that the two other influences are compensated ( 384 ). 

Furthermore, it is questionable whether the value of F, which is 
derived from the coefficient of diffusion and which determines the 
velocity of translation of the solvated molecules, can really be used in 
Equation (81a), or whether the dissolved molecule retains the pos- 
sibility of rotating within the sphere of the surrounding solvent 
molecules. At any rate, according to all published mc^asurements, the 
degree of polarization decreases more rapidly than corresponds to a 
linear relationship between 1 jp and 1 jr] in the range of small viscosities 
of mixed solvents - for instance', in glycerol-water mixtures of high 
water content — while the decrease of should produce an effect 
in the opposite direction. For uranin dissolved in very pure glycerol, 
p is found to be 45 % at room temperature ; if the same dye is dissolved 
m commercial glycerol containing a few per cent of w^ater, p does not 
exceed 25 % at 20° C, and even at — 50° it is only 32 %, although the 
macroscopic viscosity of the solution is much larger then than the 
viscosity of pure glycerol at -f 20° C ( 466 ).* 

Trypaflavine is easily dissolved in various alcohols but is only 
slightly soluble in ether. If this dye is dissolved in mixtures of an 
alcohol and ether, one obtains for each alcohol with increasing ether 
content a set of values .satisfying Equation (81a), but each of the 
straight lines representing 1/^ as a function of 1 jr) has^a different slope 
and crosses the zero axis at a different height, although p^ is supposed 
to be determined by the ordinate of the crossing-point and to be a 
molecular constant { 1303 ) (Figure 127). 

The very large discrepancy between the maximum polarization of 
the fluorescence of anthracene as measured by Perrin and listed in 
Table 68, and the values publi.shed by Chakravarti and Ganguli, 
must be mentioned in this connection. Perrin’s values were obtained 
by the investigation of solutions in solid Canada balsam or in ethanol 
at — 180° C; the Indian scientists found that for the fluorescence of 
anthracene dissolved in water- free glycerol at — 79° C, j?) was 44%, 
and they found similar values for the fluorescence of phenanthrene, 
naphthacene, chrysene, and perylene. The discrepancy greatly exceeds 

* The discrepancy cannot be explained merely by a partial depolarization 
of the fluorescence in the solution at low temperature because of beginning 
crystallization; on the other hand, all data on the polarization of fluorescence 
from solid solutions, which are never free from small inhomogeneities, are in 
general, too low and have only a qualitative significance (67 j). 
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all possible errors and must be due to some influence of the solvent. If 
the high values of are correct, the lifetime of the excited state of 
anthracene would be even larger than calculated by Perrin (Table 68) 
{214b J22l). 

The phenomena which are observed in colloidal solutions prove 
that the rotational mobility of dye molecules in a solution is not 
determined by the macroscopic viscosity alone. The fluorescence of 
uranin or rhodamine in an cther-collodion solution is as little polarized 
as if the dyes were dissolved in pure ether, although the macroscopic 
viscosity is more than a thousand times greater. The comparison of 
solutions in ordinary gelatin and in so-called /S-gelatin is especially 
instructive in this respect. At a content of 91 % water, ordinary 
gelatin forms a thick jelly, while the viscosity of y8-gelatin is not more 
than 0.03. The polarization of the fluorescence of the the dyes dissolved 
in either of them, however, is the same. The important property is 
apparently not the viscosity of the solution, but the mobility of the 
molecules to which the dye is attached or on which it is adsorbed. 
In the ether-collodion vSolution, the dye remains dissolved in ether; 
in the gelatin-water solutions, it is adsorbed on the heavy gelatin 
molecules with their correspondingly small Brownian rotation. On the 
other hand, the polarizationof fluorescence never attains the maximum 
value which is observed in pure glycerol even in very stiff gelatin- 
water solutions, because when absorbed on gelatin the dye molecules 
retain a water envelope inside of which they still have a certain degree 
of rotational freedom {466, gio). 

These conditions are demonstrated most conclusively by the fluo- 
rescence of dyes which are adsorbed from a liquid solution on a gel 
of relatively large grains. If a sufficient amount of silica gel is immersed 
in an aqueous solution of trypaflavine, the solution is speedily dis- 
colored, and the fluorescence of the dye, which is almost completely 
adsorbed on the gel, is polarized up to 30 %, if the depolarization due 
to multiple reflection on the surfaces of the grains is eliminated by 
adequate means. If the same experiment is repeated with a solution 
in methanol, practically no adsorption takes place, the dye remaining 
in the liquid phase and the fluorescence being unpolarized. Intermediate 
instances are provided by other solvents like ethanol or amyl alcohol. 
If the gel with the adsorbed dye is remov’^ed from the water solution 
and carefully dehydrated, the degree of polarization of the fluorescence 
is increased still further. This seems to prove that the dye molecules 
were not completely fixed on the gel surface as long as they were sur- 
rounded by an equally adsorbed envelope of water molecules (ijoi). 
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Even if the relation between the polarization of fluorescence and 
the viscosity of the fluorescent solution which results from Equation 
(81a) can be verified only under especially favorable conditions, the 
general ideas leading to the equation are certainly sound. This is 
shown, for instance, by the fact that the degree of polarization becomes 
relatively high, even in solutions of small viscosity, if the lifetime of 
the excited state is very short. The exceedingly strong polarization of 
the fluorescence of erythrosin in aqueous solution, listed in Table ‘67, 
is a striking example of this kind. Even if the dye is dissolved in 
methanol, the polarization is still very appreciable, while it is zero in 
an acetone solution where the fluorescence yield becomes muchTarger. 
Rose bengale behaves similarly. 

If, in an aqueous solution of uranin, the high fluorescence yield 
and, simultaneously, the lifetime of the excited state are decreased by 
addition of a quencher, the polarization of the fluorescence is increased 
correspondingly and tends towards the limiting value as shown in 
Table 69. For uranin dissolved in glycerol and quenched by the addition 
of potassium iodide, Mitra found a degree of polarization equal to 
50 %, which is again higher than Perrin’s p^ value* ( 104 ^, 1046 , 1221 ), 
The polarization of the fluorescence of cyanoplatinites in iso- 
amyl alcohol also increases from 4.5 % to 10.5 % if the fluorescence is 
quenched to one-quarter of the maximum yield by the addition of 
aniline ( 775 ). 


Table 69 

Polarization p of the Fluorescence of Uranin Dissolved in Water 
IN THE Presence of KI 


Concentration 







of KI mole/liter . 

0 

0.31 

1.09 

1.55 

3.72 

6.2 

Qr 

3 00 

18 

5 


1.2 

0.6 

P 

1,7 

6.2 

18 

1 

24 

’ 

35 

40 


On the other hand, the fluorescence of uranyl salts in liquid 
solutions is always nonpolarized because of the relatively long lifetimes 
of the excited state (r = 10 “^ to ICT^ sec), notwithstanding the fact 

* Discrepancies of this kind occur rather frequently in publications dealing 
with the polarization of the fluorescence of solutions. They are apparently due, 
in part, to the fact that many authors overrate the accuracy of their measure- 
ments. Another possible reason is the influence of the wavelength of the exciting 
light, an effect which has not been known for a long time and which has been 
neglected even in recent measurements. 
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that the molecules are anisotropic, as is proved by their behavior in 
the crystalline state. Discrepancies between earlier statements con- 
cerning the polarization of the fluorescence of canary glass were 
cleared up by Sevchenko. He found not only that various glasses 
behave differently but also that the degree of polarization of the fluo- 
rescence of an individual sample can vary within wide limits with 
varying wavelengths of the exciting light. Similar phenomena ob- 
served with many dye solutions will be discussed in the following 
section. The degree of polarization p drops for all glasses to a minimum 
corresponding, in general, only to a few per cent when the fluorescence 
is excited by light of wavelengths 3650 and 2500A, as is the case in 
numerous experiments; p reaches its highest values for exciting light 
of 4200 and 3200A. A maximum value of ^ == 25 % was obtained with 
a borosilicate glass; p was appreciably lower, not exceeding 13 %, for 
silicate glasses, and remained, regardless of the wavelength of the 
exciting light, constantly at the low level of 6 % for a phosphate glass 
(46g, 1224,1498). 

Furthermore, p decreases during the decay of the “slow fluo- 
rescence” and drops to about one-half of its initial value in about 10“® 
sec after the end of the excitation. This effect is in conformity with 
Vavilov’s theory mentioned in Section 113, but has never been ob- 
served directly in the fast-decaying fluorescence of dye solutions. 
Since the lifetime of the uran}^ glass fluorescence is also of the order 
of magnitude of 10~^ sec, an appreciable part of the fluorescence during 
the excitation period is due to an earlier absorption process and the 
values of p measured during a continuous irradiation are lower than 
they are if the phenomenon is observed under excitation by inter- 
mittent light flashes — for instance, in a phosphoroscope with both 
shutters opening and closing simultaneously (1498 ,iyio jy62c). 

If a compound which is excited in aqueous solution by plane- 
polarized light (electric vector parallel to Z) emits unpolarized fluo- 
rescence, and if this fluorescence becomes partially polarized with 
its electric vector parallel to Z after the addition of a quencher, this 
can be explained only by the assumption that the components of the 
oscillation perpendicular to Z are more strongly quenched than the 
component parallel to Z. This is due to the fact that the angle y 
between the excited oscillator and the Z-axis increases with time be- 
cause of the Brownian rotation. Therefore, the observed quenching 
effect must be larger if the fluorescence is viewed in the direction of 
the Z-axis (with the electric vector perpendicular to Z) than if it is 
viewed in a direction perpendicular to Z This effect was observed by 
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Sveshnikov * For the same reason, the r-values obtained by means of 
a Kerr-cell fluorometer, in which the exciting and the fluorescent light 
are always plane polarized, differ slightly for parallel or crossed po- 
larization of the two light beams, as has already been mentioned in 
wSection 8 ( 66 g, 6 y 6 ,yyij 6 ooa,i 625 )^ 

As far as dye solutions are concerned, Equation (81a) holds only 
for solutions of very low concentrations (below 10~^ molar). At higher 
concentrations the interaction between molecules of the same kind has 
a depolarizing effect, which is due only to a small extent to the exci- 
tation of secondary fluorescence and which is practically independent 
of the viscosity of the medium: liquid and solid solutions behav(^ 
alike (Table 70; Figure 128) ( 466 ). However, this “self-depolarizing” 
effect is also reduced if the lifetime of the excited state is decreased. 
If the fluorescence of the solution with the highest concentration in 
Table 70 (c = 2.5-l0~^) is strongly quenched by the addition of 
aniline, the degree of polarization is raised from 6.25 to 30 % { 2 i 8 ,j 8 ja, 

383c, 384.909) ■ 


Table 70 

Polarization of the P'luorescence of Uranin in Glycerol, Excited 
BY Plane-Polarized Blue Light as a Function of 
THE Dye Concentration c 

{p' — observed polarization; p, the same, corrected for depolarization 
caused by secondary fluorescence) 


c 

2.5. 10-’ 

2.5-10-« 

2.5-10-« 

(MO-® 

2.5- 10-1 

[1.15-10-3 

2.5-10-3 

[6-10-3 

1.25- 10-3 


40 

39.7 

33.6 1 

30.9 

28.9 

21.2 

1 

17.1 

9.8 

6.25 

t 

40 

39.7 

39.4 

38.8 

36.2 1 

) 

26.5 

21.4 

12.25 

6.25 


Self-depolarization is due to the fact that the molecules to which 
the excitation energy is transferred by resonance have a statistical 
distribution of orientation. The problem has been treated completely 
by Vavilov, including the probability of repeated transfers during the 
lifetime of the excited state (Section 1 13). It is, of course, not possible 
to apply Equation (8 la) to this type of depolarization and thus to 
come to the conclusion that r increases with increasing concentration 

♦ In order to obtain the average quenching effect, the fluorescence should 
be viewed, according to Sveshnikov 's calculations, in the direction of the Y-axis 
through a polarizer transmitting light with its electric vector at an angle 
a ~ 55° from Z(tan a — ^ 2 )' K exciting light is unpolarized, a should be 
33°. The direction of the exciting beam is again. supposed to be parallel to the 
A' -axis. 
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of the fluorescent molecules {224). Self-depolarization becomes appre- 
ciable at concentrations about a hundred times lower than does self- 
quenching (Figure 116 ). At higer concentration, self-quenching fre- 
quently becomes very strong, and due to the corresponding decrease 
in T this sometimes even causes a renewed increase in the polarization 
of the fluorescence. Such a reversal has been observed, for instance, 
in solutions of rhodamine 
and trypaflavine in gly- 
cerol {I4g8jy6iajy62a). 

Some compounds , such ^ 
as esculin, quinine sulfate, o. 20 
and sodium naphthionate 
show neither sclf-quen- ^ 
ching nor self-depolari- 0 2 4 6 8 »0 

zation. In canary glass Concentration irv I0‘®g/cc (IO“*g/cc * 3^ mole /liter) 

l) 0 th effects are also relati- Dei>olari zation of fluorescence of 

vely small with increasing fluorescein sodium in glycerol as a function 
uranium concentration. of the dye concentration (Chauchois), 

This proves once more the 
parallelism of the two phenomena. 

120. Negatively Polarized Fluorescence of Isotropic Solutions. All 
statements made in the last section are correct only under the assump- 
tion that the processes by which the exciting absorption and the fluo- 
rescence emission are produced correspond to the same electronic 
transition. For dye solutions the excitation must take place by ab- 
sorption of light in the long- wavelength absorption band, which is 
only slightly displaced with respect to the fluorescence band, according 
to Stokes’ law. If the wavelength of the exciting light is varied by 
shifting it beyond the peak of this band towards the ultraviolet, the 
polarization of the fluorescence decreases at first, passes through zero, 
and then even becomes negative. Finally, when the exciting light 
coincides with the next strong absorption band in the ultraviolet part 
of the spectrum, the polarization of the fluorescence again attains its 
initial positive value. This phenomenon was discovered by Froehlich 
and later corroborated by Levshin, Vavilov, and others for solutions 
of uranin, succinic fluorescein, eosin, rhodamine B, magdala red, and 
esculin {442 ,^28 ,662 ,664,668 ,giojy 56) , 

The peak value pQ of the degree of polarization for all these 
compounds is close to 50 % ; the corresponding electronic transitions 
must be ascribed to oscillators which are very nearly linear and have 
identical orientation for the absorption and the emission processes. 
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Since, on the other hand, negative polarization can occur only if the 
absorbing oscillators form an angle larger than 54° with the emission 
oscillators, one must conclude that in the spectral region where the 
molecular absorption has a minimum the weak absorption that still 
prevails is not exclusively due to the tails of the strong absorption 
bands at greater and smaller wavelengths, but that it is caused, at 
least partially, by other electronic transitions corresponding to dif- 
ferently oriented oscillators. G. N. Lewis designates the strong ab- 
sorption bands producing fluorescence with positive polarization as 
A:-bands and the weak absorption bands associated with negatively 
polarized fluorescence as y-bands. Because of their weakness and be- 
cause they are overlapped by the tails of the :^-bands, the y-bands 
frequently do not appear as peaks in the absorption spectra ; the over- 
lapping also explains the continuous transition from positive to 
negative polarization and the relatively low degrees of negative po- 
larization which are usually observed ( 92 ^). 

However, the absorption curve of fluorescein (Figure 129a) shows 
two secondary bands in the region of greatest negative polarization 
(JJ 79 ) ; in the absorption and polarization curves of rhodamine (Figure 
129^), three weak absorption peaks at 4200, 3500, and 300A are almost 
exactly matched by maxima of negative polarization, while in the 
intervening regions the tails of the ;r-bands induce again a decrease in 
negative polarization {383a), Another example of this kind is provided 
by a solution of malachite green in a mixture of pentane, ether, and 
ethanol at — 158° C. The intense x~ and ^'-bands of this dye are 
situated at 6410 and 3175A, with a weak y-band at 4310A. When the 
fluorescence is excited by the radiation from a sodium lamp or by the 
lines at 3130A of a mercury arc, the polarization is positive; under 
excitation with blue light the negative polarization attains a degree of 
— 17 %, and in the case of a dye in which the nonsubstituted benzene 
ring of malachite green is replaced by an a-naphthyl group and which 
has a similar absorption spectrum, the negative polarization even 
reaches — 20 %, the highest degree of negative polarization which has 
been observed under these conditions (924), 

It is noteworthy that the strong positive polarization exhibited 
when the wavelength of the exciting light corresponds to the A;'-band 
drops again to zero at the short-wavelength edge of this band (Figure 
129), thus indicating that the mechanism of absorption changes once 
more in the far u.v. The suggestion that the ii^'-band itself, with a 
frequency which, in general, is close to double that of the A;-band, is the 
first harmonic of the ;i;-band, does not seem to be acceptable from the 
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viewpoint of the quantum-theoretical interpretation of electronic 
spectra. The persistent strong positive polarization in the region of 
great wavelengths corresponding to anti-Stokes excitation of the 
fluorescence proves that no appreciable part of this excitation is due 
to light absorption in another band of the jy-type (compare Section 
103). 

The behavior of chlorophyll, with its narrow absorption and 
fluorescence bands, differs quantitatively from that of other dyes in 



0 I < 1 y t ] [ 1 1 1 1 1 Ci — l. 

2000 3000 4000 5000 2000 3000 4000 5000 6000 A 


a b 

Fig. 129. Polarization of fluorescence as a function of the wave- 
length of the exciting light (Feofilov, Omdorff). 
a : fluorescein 1 : degree of polarization 

6: rhodamine 2: absorption spectrum 

B extra in glycerol 3: fluorescence band 

that no negatively polariz'ed fluorescence is observed. The first ab- 
sorption band of chlorophyll [R, at 6600 A) coincides very nearly with 
the first fluorescence band, a second narrow absorption band ( V) is 
found at 4300A, and a third broader band (U) has its peak in the u.v. 
at 3800A. Every one of these bands corresponds to a different 
electronic transition and each produces a different degree of polari- 
zation in the red fluorescence (Table 71). If t is derived from measure- 
ments of p in solutions of variable viscosity according to Equation 
(81a), the same value (listed in Table 68) is arrived at regardless of 
the wavelength of the exciting light. Apparently, r is determined only 
by the lifetime of the excited state from which the emission takes 
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place, while the lifetimes of the intermediate states, which are reached 
by the electronic transitions V and (7, are much shorter. The last row 
of Table 71 gives the values of the angles a between the three ab- 
sorption and the emission oscillators, calculated according to the 
observed degrees of polarization ( 1221 ). 

Table 71 

Maximum Polarization of the Red 
Fluorescence of Chlorophyll under 
Excitation by Light Absorbed in 
Different Bands 


Absorption 

band 

R 

\ 

r 1 

V 

A) • • 

43. r> 

1 1 

23 

•a . . . 

* (F 

48" 

36° 


The indirectly excited slow fluorescence which is emitted by 
almost all solid dye solutions, especially at low temperatures, is, in 
most instances, not, or only ver}^ slightly, polarized, notwithstanding 
the fact that the normal fluorescence, which is observed under the 
same conditions, shows a strong positive polarization. The slow fluo- 
rescence of some dyes even exhibits a very pronounced negative 
polarization when they are dissolved in glycerol at - - 180° C (Table 72) 
( 1300 ). 


Table 72 

Polarization of the Slow Fluorescence of Organic Compounds 


Compound 

Tr>'paflavine* 

Rhoduline 

orange* 

Acridine 

orange* 

Eosiu* 

Esculmt 

P of normal 
fluorescence . 
p of slow 

fluorescence . 

-f- 34 

— 13(— 9t) 

— 7.5 

— 5 

+ 44 

1 

0 

-j- 32 

. 0 


^ * Dissolved in glycerol, 

f Dissolved in gelatin. 


Slow fluorescence corresponds to a forbidden electronic transition 
from a quasi-stable state M to the ground state. On the other hand, 
the normal fluorescence is negatively polarized if it is excited by light 
which is very slightly absorbed in the ground state of the molecules ; 
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and, finally, the strong absorption bands characteristic of the mole* 
cules in the quasi-stable state have the same polarization as the long- 
wave and ultraviolet absorption bands of the unexcited molecules (see 
Section 104). Hence, it seems that the strong absorption bands which 
correspond to allowed transitions have all oscillators oriented in the 
same direction in the molecule, while the oscillators corresponding to 
forbidden transitions, in general form, angles of mon* than 54"" with 
respect to the others. 

The bands of slow fluorescence of dyestuffs in solid solutions, in 
general, overlap the normal fluorescence bands, and since they con- 
tribute some intensity to the total radiation emitted during the ex- 
citation period, the polarization of the fluorescence sometimes varies 
appreciably in different parts of the spectrum. Esculin in sugar, even 
at room temperature, shows green “slow fluorescence” of high in- 
tensity in addition to its normal blue fluorescence, and, therefore, the 
degree of polarization of the fluorescence, which is 39 % in tlie violet 
part of the fluorescence spectrum, drops to 25% in the green {i2g8). 

121. Polarized Fluorescence of Partially Oriented Molecules* 
Cellophane films are frequently characterized by a rather strong double 
refraction, the material being in itself optically anisotropic, with its 
optical ^-axis parallel to the plane of the film. If a dye is absorbed on 
a cellophane film, the film acquires dichroism in the spectral region 
corresponding to the absorption bands of the dye (1025,121^6,1505); 
if the fluorescence of the dye is viewed in the direction of the exciting 
radiation, it is partially polarized, even when excited by unpolarized 
light. A partial orientation of the dye molecules is caused by the 
directional forces of the absorbing material. Degrees of polarization 
as high as 12 % have been obtained under these conditions, the polari- 
zation being independent of the wavelength of the exciting light: 
for the oriented fraction of the dye molecules, p is not determined by 
the mode of excitation but only by the orientation and the nature 
of the molecules ; for the fraction which has no preferential orientation 
the polarization of the fluorescence isp ^ 0 for any mode of excitation . 
by unpolarized light. If the exciting light is plane polarized, the po- 
larization, which now depends greatly on the orientation of the optical 
axis ^ of the film with respect to the electric vector of the exciting 
light z, can attain a much higher degree. Jablonski’s measurements 
give not the real degree of polarization p, but the “apparent polari- 
zation” pz ~ {Iz — h)l{h + h)- This quantity drops to zero if the 
light is partially or even totally polarized with its electric vector form- 
ing an angle of 45° with the Z-axis. If d' is the angle between the 
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optical axis ( of the film and the electric vector of the exciting light, 
which is rgain supposed to be parallel to Z, the measured vaues of 
as a function of d' are represented by curve a of Figure 130 and are in 
good agreerrent with a theoretical equation derived by Jablonski. 
Curve 6 in the samo figure is almost exactly symmetrical with curve a 
but has opposite si ns for p^ \ it refers to the slow fluorescence of the 
same film at low temperatures (66ifijo). 

A partial orientation of the dye molecules can also be obtained by 
dissolving them in so-called mesophases — for instance, in a concen- 
trated aqueous solution of am- 
monium oleate. The optical 
behavior of such a solution is of 
the same kind as that described 
above for cellophane films. The 
solutions are birefr ingen t, they 
show dichroism, and their 
fluorescence is partially polar- 
ized. In most cases the vector 
of maximum fluorescence in- 
-60 -40 -20 0 20 tensity coincides in its direction 

0 in degrees with the vector of strongest 

Fig. 130. Polarization of the fluores- f sorption. This is true for 

cence of euchrysine adsorbed on fluorescein and its derivatives, 

cellophane as a function of the acridine dyes, etc.; only for a 

angle 0 between Z and f (Jablonski). few dyes like primuline and 

a; normaal fluorescence. 6 . slow some other aZO dyes is the 

fluorescence at low temperature, , r . , 

both excited wit piane-^iarized ''‘=ctor of maximum absorption 

light. perpendicular to the vector of 

strongest emission. The results 
obtained with chlorophyll are in perfect agreement with those 
obtained in isotropic solutions. The vector of the strongest fluores- 
cence emission is parallel to the vector of maximum absorption in 
the red band and forms an angle of more than 45° with the vector 
of maximum absorption in the violet band. Numerical data for 
these observations have not been published { 1931 ). 

Finally, dye molecules, especially molecules consisting of long 
chains, can be oriented to a certain degree by imbedding them in a 
streaming solution. This is the method which was used by Scheibe in 
the investigation of the optical properties of the polymerized cyanine 
dyes. In a streaming solution the long chains formed by the poly- 
merization of the molecules are oriented parallel to the direction of the 
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flow (parallel to the Z-axis) and the solution shows the dichroism 
which is characteristic of the individual polymerized molecules. In the 
short- wavelength bands and (see Section 115), which appear 

in the solution even at low dye concentration, light is absorbed 
almost exclusively if its electric vector is perpendicular to the chain 
and parallel to the plane of the single molecules. Light is absorbed in 
the P-band when its electric vector is parallel to the chains (parallel 
to Z) (see Figure 131). Fluorescence which is caused by the same 
electric transition as absorption in the P-band also has the same orien- 
tation of the electric vector parallel to Z. The polarization of the fluo- 
rescence resulting from these mo- 
lecular properties is therefore 
positive if the exciting light is 
absorbed in the P-band and 
negative if the exciting light is 
absorbed in bands and Mg. 

Fluorescence is strong if the 
electric vector of the exciting 
light is parallel to Z in the first 
case, or if it is perpendicular to 
Z in the second case. The degree 
of positive or negative polari- 
zation under these conditions 
sometimes reaches 70 % and 
would probably be 100% if the 
chains were completely oriented 
parallel to Z. (If this extrapo- 
lation is correct, the fluorescence 
of the dye excited by plane- 
polarized light should show a polarization of 50 % even in a nonstream- 
ing solution with the chains oriented at random. Otherwise one would 
have to conclude that in a solution at rest the chains are no longer 
straight but curve irregularly in various directions). (g8ga, 1414,141 5) 

The relatively weak fluorescence which persists even when the 
electric vector of the exciting radiation is perpendicular to Z for light 
absorbed in the P-band or parallel to Z for light absorbed in tlie bands 
Ml and Mg, is due to those chains which are not fully oriented in the 
Z-direction by the streaming solution. 

122. Polarized Fluorescence of Crystals* The spatial orientation of 
molecules, which is only partial in solutions imder the conditions 
treated in the last section, becomes complete if the luminescent mole- 
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Fig. 131. Absorption spectrum of 
pseudoisocyanine in polarized light 
(Scheibe). 

a: electric vector parallel to axis 
of polymerized molecules, b : electric 
vector perpendicular to axis of 
polymerized molecules. 
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cuJes are a part of a crystal lattice. The crystal lattice may consist 
exclusively of the luminescent molecules, as in uranyl or rare-earth 
salts, in pure anthracene, and in cyanoplatinites, or the luminescent 
molecules may be imbedded in a base lattice of another material, 
e.g., naphthacene in anthracene or chromium oxide in aluminum oxide. 

Even if the individual molecules are equivalent to linear os- 
cillators and if they are all briented in a crystal, their fluorescence need 
not always be plane polarized. It is not necessary that all molecules 


V"V--V--V—V 



in the crystal be parallel to each 
other; they may for instance, be 
subdivided into two groups which are 
tilted with respect to each other, 
forming an angle 0. This is indeed 
the case in anthracene crystals, 
where 0 — 23" (Figure 132). In this 
way, the fluorescence radiation is 
partially depolarized; an angle (p — 
90° would even produce a complete 
depolarization. 

It is clear that the observed 


r degree of polarization of the fluo- 

Tig. 132. Orientation of oscil- ^ . . , 

lators in anthracene crystals r^scencc depends on th(; orientation 

(cmreirnow, Prikhotjko, and of the crystal with regard^ to the 
Shabaldas). direction of observation. With the 

exception of the cyanoplatinites, the 
degree of polarization of the fluorescence, is on the other hand, 
independent of the direction and the polarization of the exciting light, 
which influence only the probability of absorption and, thus, the 
intensity of fluorescence. For the “absorption oscillators” of the mole- 
cules are also anisotropic and oriented in the crystal, or, in other 
words, the crystals show dichroism in transmitted light. The direction 
of the electric vector which is most strongly absorbed prevails in all 
known cases also in the fluorescence light : absorption and emission 
oscillators are equally oriented in the lattice. 

Fluorescence of a microcrystalline powder in which the individual 
grains are oriented at random is always unpolarized when excited by 
unpolarized light. With plane-polarized exciting light, the conditions 
would be the same as in a solution of high viscosity if the polarization 
of the light were not destroyed by multiple reflection and refraction on 
the surfaces of the grains. This could be avoided only by imbedding 
the powder in a transparent liquid of identical refractive index. In 
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general, observations must be made on single crystals, and, if only very 
minute samples are available, under the microscope. 

Anthracene crystals are monoclinic, those of naphthacene belong 
to another class of symmetry. Nevertheless, the green fluorescence of 
commercial anthracene, which is due to traces of naphthacene dis- 
solved in the anthracene, has, as far as its polarization is concerned, 
exactly the same properties as the blue-violet fluorescence of anthra- 
cene itself. In these small concentrations the impurity molecules are 
forced to take the same orientations as the molecules of the main 
substance. The crystals obtained by evaporation of a solution in 
hexane are thin flakes with surfaces parallel to the 001 plane; the 
optical “ft-axis” lies in this surface, while the “a-axis” is perpendicular 
to it. If the fluorescence is observed in a direction {x^rjx^ndicular to the 
crystal face, the anthracene and naplithacene bands are partially 
polarized with their electric vector parallel to the ^-axis, or in the 
plane 010. Obreimow found 70% for the blue-violet bands, 
and from this value he derived the angle j/f 23° mentioned above. 
Krishnan found p 60%* for the green fluorescence and also for 
the violet fluorescence of anthracene dissolved in phenanthrene. 
According to Krishnan, the electric vector component corresponding 
to the strongest absorption and emi.ssion is, in this case also, parallel to 
the ^-axis, which lies in the plane of the benzene rings, while the ab- 
sorption in smallest for the vector component parallel to the a-axis, 
which is perpendicular to this plane. The fluorescence radiation of 
dibenzanthracene crystals is partially polarized (p ~ 33%) with th(‘ 
electric vector parallel to the a-axis, and the same is true for the 
absorption [ 828 , 82 ga, 82 ghji 5 j). 

The dichroism of these crystals of aromatic hydrocarbons and 
the corresponding |X)larization of their fluorescence are caused by the 
different intensity of the oscillations in two directions perpendicular 
to each other, while the frequency of the absorption and emission 
bands is the same for both components within the accuracy of the 
observations. The absorption and fluorescence spectra of the uranyl 
salts, especially at low temperatures, are resolved into many line-like 
narrow* bands which, in general, have different wavelengths for two 
orientations of the electric vector with regard to the crystal axes : the 
ordinary and extraordinary spectra do not coincide. At higher tem- 
peratures and in liquid solutions the bands overlap, and under these 
conditions a polarization of the resulting fluorescence radiation caused 
by the anisotropy of the molecules can be preserved only if the average 

* None of these values is reliable to within better than 10 %. 
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intensities of the lines in the ordinary and in the extraordinary spectra 
are different. No measurements concerning this question are available 
{yg, 634,1110,1111,1117 ) . 

Analogous results were obtained concerning the polarization of 
the fluorescence of europium salts.* Different groups of lines appear in 
the ordinary and extraordinary spectra of the hexagonal europium 
bromate crystal if the fluorescence is observed in a direction perpen- 
dicular to the optical axis c. If, however, the fluorescence is viewed in 
the direction parallel to this axis, only some line groups [e] of the 
ordinary spectrum are observed, and along with them several line 
groups (m) belonging to the extraordinary spectrum. This proves that 
of the lines observed under these conditions only the ^-groups cor- 
respond to the emission by electric dipoles, while the w-lines originate 
from the oscillations of magnetic dipoles (280a). These conclusions 
are in perfect agreement with another observation which will be 
mentioned in the next section. In monoclinic or triclinic europium 
salts (sulfates or acetates), the phenomena are similar though some- 
what more complicated. Because of the higher asymmetry of the 
molecular fields, certain forbidden lines appear in the fluorescence 
spectrum which are completely unpolarized for every direction of 
observation. 

In the spectra of the uranyl and europium salts, the relative 
displacements of the narrow lines in the ordinary and the extra- 
ordinary spectra are so small that they can be ascertained only with 
the aid of a spectrometer. On the other hand many of the cyanopla- 
tinites, most of which crystallize in uniaxial systems, show a 
dichroism so strong that they appear differently colored according to 
the direction and the polarization of the transmitted light. In this case 
the oscillators oriented perpendicular to each other have not only 
different amplitudes but also widely different frequencies. Further- 
more, the color and the polarization of the fluorescence of these crystals 
is determined by the direction and polarization of the exciting light. If 
the latter is polarized with the electric vector perpendicular to the 
optical axis c of a, barium cyanoplatinites crystal, the fluorescence is 
red and also polarized perpendicular to c (ordinary spectrum) ; if the 
exciting light is polarized parallel to c, the fluorescence is yellow and 
polarized parallel to c (extraordinary spectrum). Hence, the color of 
the fluorescence changes from red to orange and yellow if the fluo- 

* The polarization of the fluorescence of other rare-earth salts has not yet 
been investigated. 
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rescence is excited by unpolarized light and if it is viewed in varying 
directions or through a Nicol at varying orientations (947b), 

According to Mani, the. fluorescence of diamond is unpolarized 
when it is excited by unpolarized light and observed in a direction 
perpendicular to the primary light. The fluorescence is polarized with 
p =z SO % when the exciting light is plane polarized with its electric 
vector perpendicular to the direction of observation; the degree of 
polarization drops to 20 % if the electric vector of the exciting light is 
rotated by 90° so that it is parallel to the direction of observation. This 
result seems to be incompatible with any theoretical interpretation 
because unpolarized radiation can be decomposed into two components 
of plane-polarized light and, therefore, it should produce the same 
effect as the superposition of two such radiations (974). 

The polarization of the fluorescence of ruby and similar crystals 
will be treated in Section 167. 

123. Angular Intensity Distribution of the Fluorescent Radiation. 

Knowledge of the angular intensity distribution of the fluorescence 
emanating from a luminescent surface or a' luminescent volume is 
important in the calculation of the fluorescent yield, which must be 
derived, in general, from the measurement of the fluorescence intensity 
emitted in a certain direction within a narrow solid angle Aa>. The 
problem is simple if the fluorescence is unpolarized and if the fluo- 
rescent medium is transparent to the fluorescence radiation and has 
perfectly smooth boundaries. In this case, the angular intensity 
distribution has spherical symmetry and the light intensity emitted 
by a given volume is the same for every direction. However, the light 
emanating from the plane surface of such a fluorescent medium does 
not obey Lambert’s cosine law; instead, the apparent brightness of an 
element of the surface increases with increasing foreshortening of the 
surface (Lommel’s law), y the fluorescence coming from a liquid 
solution or a polished glass is observed at increasing angles the ex- 
pected incre^ase in apparent brightness is counteracted in part by the 
reflection at the boundary between liquid or glass and air, the re- 
flection becoming total at a certain angle. •If this phenomenon is 
avoided by an adequate choice of the second medium, the observed 
brightness, which is represented in Figure 133 as a function of the 
angle of observation, is in excellent agreement with the values 
calculated from Lommel’s law (947a, 948,1861), 

If the fluorescence is strongly reabsorbed t)y the fluorescent 
medium and re-emitted in all directions as secondary fluorescence, the 
angular intensity distribution is exactly the same as for the thermal 
Pringsheim 14 
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radiation of an opaque surface: it follows Lambert’s law. This is true, 
for instance, for the surface resonance radiation of sodium vapor (see 
Section 20). If, instead of being smooth and transparent, the surface is 
coarse — for instance, if it consists of a finely divided microcrystalline 
powder so that the fluorescence undergoes a great number of reflections 
and refractions — the angular intensity distribution of the fluorescence 
is closer to Lambert’s than to Lommel’s law { 1426 ).'^ 

The conditions are less simple if the fluorescence is partially 

polarized, since, then, the angular 
intensity distribution no longer has 
spherical symmetry. If the fluores- 
cence of a dye in a viscous medium 
has a polarization oi p% under 
excitation by plane -polarized light, 
and if the fluorescence is excited by 
unpolarized light, (100 — p)% of 
the fluorescence radiation has a 
spherical intensity distribution, while 
for the other p % the intensity is 
twice as strong in the direction of the 
primary light as in the direction 
perpendicular to the exciting beam. 
(Withj6 = 50%, a degree of polari- 
zation which is very nearly attained for many dyes in pure glycerol, 
the fluorescence intensity observed in the YZ-plane would be only 
83.3 % and the intensity observed in the Z-direction 116.7 % of the 
average intensity). 

The total angular distribution depends on the intensity distri- 
bution of the radiation coming from each individual molecule with 
respect to the axis of this molecule and on the orientation of the 
different molecules with respect to each other. For most liquid so- 
lutions the spherically symmetrical intensity distribution corre- 
sponding to total depolarization of the fluorescence is caused by the 
random orientations of the individual molecules and by their Brownian 
rotation. Even under these conditions the angular distribution of the 
radiation from individual molecules can be determined by means of 
wide-angle interference experiments of the kind first performed by 
Seleny. The method was applied later by Freed, Weissman, and others. 
In these experiments the radiation which is emitted in two directions 
by an exceedingly thin film of a fluorescent solution is brought to 
♦ Also see Bibliography (/, Fig. 203). 



Fig. 133. Fluorescence inten- 
sities of an aqueous dye solu- 
tion as a function of the angle 
of observation [Wood ( 1 S 61 }], 
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interference. From the interference patterns appearing when the 
angle of divergence between the two interfering beams is varied from 
30 to 90 degrees, the angular intensity distribution can be derived for 
the radiation from the individual radiating molecules, and this pro- 
vides a means of determining the nature of the oscillators from which 
the radiation originates. Thus, it could be shown that the normal 
fluorescence of fluorescein, as well as its slow fluorescence, is caused by 
the oscillations of electric dipoles. On the other hand, some of the lines 
in the fluorescence spectrum of europium were found to correspond to 
magnetic dipoles, in complete agreement with the conclusions drawn 
from the polarization of these lines which were mentioned in Section 
1 22 {308,435,1489-1492,1763,1817 ) . 

Another method by which the nature of the emitting oscillators 
can be determined has been discussed by Vavilov. The fluorescence is 
observed in a direction perpendicular to the direction of the exciting 
light and the orientation of the electric vector of the Matter is gradually 
changed. The law according to which the polarization of the fluo- 
rescence varies under these conditions, is different for radiations 
emanating from an electric dipole, a magnetic dipole, or an electric 
quadrupole. The method has not been applied directly. However, 
Sevschenko compared the behavior of a cube of canary glass with that 
of a fluorescein solution exliibiting the same maximum fluorescence 
polarization. From the fact that the curves representing ^ as a 
function of the orientation of the electric vector in the exciting light 
coincided, he concluded that the nature of the emitting oscillators was 
the same in both instances and, therefore, that the oscillators re- 
sponsible for the fluorescence of the uranyl ions were also electric 
dipoles. Feofilov showed also by this method that the carriers of 
fluorescence and phosphorescence in fluorescein were identical {383a, 
1498,1761a). 
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FLUORESCENCE OF ORGANIC COMPOUNDS 
A. The Luminescent Systems 

124. Chromophors and Fluorogens. Fluorescence was first dis- 
covered in aqueous solutions of a wood extract (lignum nephriticum) . 
Solutions of plant extracts and, later, of synthetic dyes were for a long 
time the most important objects of the investigations, which were 
naturally restricted to the visible region of the spectrum. It is plausible, 
therefore, that the first attempts to find relations between the fluo- 
rescence of a compound and its constitution were based on the semi- 
empirical but well-developed laws which had been established by the 
chemistry of dyestuffs. The strong absorption of visible light which is 
characteristic of dyes was ascribed to the presence of certain un- 
saturated groups, such as the azo group - N == N the ethylene group 
- HC *= CH and the carbonyl group ^ C 0, which were called 
chromophors. These chromophors were at first supposed also to be the 
carriers of fluorescence as ‘fluminophors.” 

While the production of organic compounds with strong absorp- 
tion of visible light was, of course, the main purpose of the dye 
manufacturers, it is not important for the theoretical explanation of 
fluorescence whether the absorption and emission bands are located 
in the visible or the u.v. region. As already stated in the preceding 
chapters, certain radicals — for instance, the NH 2 -group — retain 
their characteristic absorption frequencies almost unaltered when they 
form a part of a larger molecule. The absorption bands of dyes, how- 
ever, and, as a matter of fact, of most aromatic and of many aliphatic 
compounds, cannot be ascribed to an individual chromophor group, 
but belong to the molecule as a whole. They are related to “quantum 
mechanical resonance phenomena” which occur when the molecules 
contain chains of conjugated double bonds. The most simple case of 
this type is the resonance between the two Kekul6 structures of ben- 
zene. The ion of trypaflavine may be mentioned as a more complicated 
example : its two principal resonating structures are 
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CH, CH, 

I * l’ 

and 

In general, the wavelength of the absorption band resulting from the 
resonance is the greater, the longer the chain of conjugated double 
bonds, and, simultaneously, the intensity of the absorption increases. 
Furthermore, an absorption band has a greater intensity, in general, 
if an electric charge has different locations in the resonating structures, 
so that the conversion of one structure into the other corresponds to 
the displacement of an electric charge as is the case in the trypaflavine 
ion. None of these rules, however, is rigidly exact* {4o8a,4o8b,i5og). 

It is beyond the scope of this book to deal more fully with the 
quantum-mechanical theory of color. Even if this theory were much 
more advanced than it actually is, it would not be able to determine 
the conditions under which an organic compound is fluorescent. Apart 
from the fact, which was already known to Stokes, that a substance 
must absorb the light by which it is excited to fluorescence, the ability 
of a compound to re-emit the absorbed energy in the form of lumi- 
nescence has very little to do with its capacity for light absorption. 
One cannot even say that substances with a very high absorption 
coefficient, corresponding to a short lifetime of the excited state, have 
a greater probability of being fluorescent because their chance of 
being quenched is smaller. For instance, benzene is fluorescent, 
although its absorption coefficient is low, while the majority of dye 
solutions with a thousand times stronger absorption coefficients are 
not fluorescent. 

This discrepancy had been recognized long before the introduc- 
tion of quantum theory. In order to explain it, the hypothesis had 
been proposed that in addition to its chromophor a fluorescent 
molecule must contain a “fluorogen.” Most of these fluorogens were 
supposed to have a ring structure, the benzene ring being the most 
important of them. According to the theory developed in preceding 
chapters the absence of fluorescence in many compounds is caused by 
the fact that a competing process induces the deactivation of the 
excited molecule with greater probability than the radiating return to 
the ground state. If a compound is not fluorescent under any con- 

♦ For instance, the absorption coefficients of pentacene and rubrene are 
of the same order of magnitude as those of dyestuff ions, although the transitions 
between the principal resonance structures of these hydrocarbons are not con- 
nected with the displacement of an electric charge. 
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ditions, it must be assumed that this competing process is due not to 
the interaction with foreign molecules but to internal conversion. 
Internal conversion seems to be less frequent in molecules with the 
rigid structure which is greatly favored by the formation of closed 
rings. This is the modern version of the fluorogen hypothesis. Thus, 
nearly all known aromatic hydrocarbons which consist exclusively of 
condensed phenyl rings are fluorescent. Other very instructive 
examples will be pointed out in the section on synthetic dyes. The rule, 
however, is again not completely unequivocal; there are compounds 
consisting of long open chains of conjugated double bonds, such as the 
diphenylpolyenes and even purely aliphatic polyenes of the type 
CH 3 -(CH CH)„*-CH 3 , which are fluorescent in liquid solutions. 

If an organic compound is fluorescent, its emission band corre- 
sponds to the same electric transition as its absorption band of greatest 
wavelength (its “first absorption band”). In a few cases the two bands 
coincide ; more frequently, the center of the emission band is displaced 
by a relatively small distance toward greater wavelengths, in agree- 
ment with Stokes’ law. Therefore, the rules evolved for the relation 
between constitution and color (wavelength of the absorption band) 
can be applied to the color of the fluorescence (but not to its existence) . 
A substitution by which the absorption band of a compound is shifted 
in the direction of greater or shorter wavelengths will, in general, have 
the same influence, at least qualitatively, on the fluorescence band. 

The ability to emit fluorescence can be increased or reduced and 
even completely suppressed in a compound by certain substitutions. 
The majority of papers dealing with this matter does not distinguish 
sufficiently between a real decrease in fluorescence yield and a change 
in fluorescence intensity caused by a change in absorption power or a 
shift of the absorption and the fluorescence band to the ultraviolet, so 
that both are rendered “invisible.” An extreme example of this 
kind occurs, if by hydration of the central carbon atom in a dye 
molecule the chain of double bonds is broken and the compound is 
transformed into the leuco base (for an example, see Table 80). In the 
latter, the first absorption band is shifted to the u.v. and may corre- 
spond, for instance, to the characteristic frequency of two benzene 
rings which are no longer conjugated; it is not improbable that such a 
molecule exhibits an ultraviolet fluorescence. If, on the other hand, the 
absorption coefficient of a fluorescent dye is enhanced by the intro- 
duction of so-called auxochrome groups, such as NH 2 , OH, or N(CH 3 ) 2 , 
a simultaneous increase in fluorescence intensity does not indicate a 
greater fluorescence yield. 
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There are, however, certain substitutions in dye molecules which 
decrease their fluorescence yield greatly without an appreciable change 
of their absorbing power. These are, in the first place, the halides (in 
the order of increasing activity : Cl, Br, and I) and the ions of iron and 
nickel. The influence of the introduction of halides as substituents for 
hydrogen atoms in the dyes of the fluorescein series has been mentioned 
in Section 106. And, while all porphyrins are fluorescent, even when 
two of their hydrogen atoms are substituted by metal ions, such as 
2Na+ or Mg++, the fluorescence is completely suppressed if the ions 
Cc++ Ni++, and Fe++ are introduced instead.* It is very striking that 
these substituents are the same elements which act as strong quenchers 
in liquid solutions — the halides, even in the same order of efficiency. 
It is probable that their ability to decrease the fluorescence yield, both 
as “quenchers” in liquid solutions and as substituents entering into 
the molecules themselves, is related to the relatively small energies 
which are sufficient to alter their electric charges (Fe‘+"^ Fe++'^ or 

I ^I"", etc.). By this property they are enabled to induce reversible 
chemical reactions with molecules of the solvent by which the exci- 
tation energy is dissipated. 

The hypothesis that the inhibition of fluorescence by the metals 
of the iron group is related to their magnetic properties, is without any 
rational base. 

125. Influence of Isomerism. The influence of isomerism on the 
wavelengths of the emission bands of doubly substituted benzene or 
naphthalene derivatives is not very large and is rather irregular, as 
shown by several examples in Tables 76 and 80. A rule stating that the 
fluorescence intensity is always strongest in the ortho compounds, 
weaker in the meta, and weakest in the para compounds was based 
on observations which did not take into account variations in the ab- 
sorption of the exciting light. Bowen measured the fluorescence yields 
of the three xylenes excited by the line 2537A and found them to 
be 29 % for o-, 30 % for m- and 41.5 % for ^-xylene, a result which is 
in direct contradiction to the older empirical rule [£, 145 ), 

Isomers corresponding to cis- and /^aws-modifications of a 
compound show, in general, greater dissimilarities in their fluo- 
rescence. Cis- and /raws-stilbene have been thoroughly investigated by 
G. N. Lewis. The absorption spectra of the two isomers differ widely: 
their first absorption bands are shown in Figure 134a. By light ab- 


* The phosphorescence of cr5;^tal phosphors is also quenched very ef- 
fectively by contamination with iron, nickel, and cobalt. 



396 


FLUORESCENCE OF ORGANIC COMPOUNDS 


sorption in these bands either of the two compounds is converted into 
the other with a quantum yield of approximately 30%. Also, cis- 
stilbene is transformed partially (10 % jdeld), into a nonidentified non- 
fluorescent compound. Cfs-stilbene is not fluorescent and, thus, the 
remaining energy must be lost by internal conversion. A weak fluo- 
rescence which is obtained after long-lasting irradiation of cfs-stilbene 

can be ascribed unequivocally to 
freshly formed /r«ns-stilbene. The 
latter modification emits a strong 
and very characteristic fluorescence 
in solutions as well as in the solid 
crystalline state (Figure 1346) (com- 
pare Section 136). The fraction of 
the excitation energy which is dis- 
sipated by ^raws-stilbene molecules 
3400 3200 3000 2800 2600 A proccsscs of internal conversion 

Fig. 134a. Molar extinction is not known. Therefore, no reliable 

coefficient e of cis~(l) and conclusions concerning the fluores- 

trans-( 2 ) stilbenes (Lewis, cence yield can be derived from a 

Magel, and Lipkin). knowledge of the photochemical 

efficiency. At any rate, the probability 
of internal conversion is much larger for the cis- than for the ^rans- 
modification. G. N. Lewis ascribes this to the fact that the molecule 
of /raws-stilbene is planar, while in c js-stilbene the two phenyl rings 
cannot lie in the same plane (929). 




4800 4400 4000 3600 3400 A 


Fig. 1346. Fluorescence spectrum of ^m> 25 -stilbene 
(Lewis, Magel, and Lipkin) in ether-alcohol 
mixture at - 90° C. (1) and crystalline at - 190° (2). 


Cts- and /raws-stilbamidine show the same characteristic behavior. 
The nonfluorescent cfs-modification is converted by irradiation into 
the ^raws-modification which exhibits a strong blue fluorescence, and 
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vice versa, ‘DimQriz2ition is supposed, in this case, to be a second 
process by which irradiation converts the ^raws-modification into 
another nonfluorescent compound {602a, 602b). 

Lewis mentions, incidentally, that the all-^rans-modification of 
lycopene is practically nonluminescent ; if the compound is subjected 
to a short heat treatment, some of the cis-iorms are produced, which 
exhibit normal fluorescence as well as slow fluorescence (compare 
Sections 136-138). According to Stobbe, one of two isomeric modifi- 
cations of. octatetraene in the crystalline state is white and emits a 
blue fluorescence, while the other is yellow with a bright green fluo- 
rescence {g2ya,i^83). While 7.-hydroxycoumarili (umbelliferone) is 
brilliantly fluorescent in alkaline solution under near u.v. excitation, 
its isomer with the hydroxy group in the 6-position shows no visible 
fluorescence [igS). 

The problem of the influence of isomerism is of still a different 
kind if the fluorescent compounds consist of chains or fused ring 
systems containing conjugated double bonds. In this case the number 
of double bonds in an uninterrupted chain can vary in different 
isomers and, thus, their absorption and emission spectra and their 
faculty of fluorescing can be quite dissimilar. Numerous examples of 
this type will be found in subsequent sections. There are, however, 
many instances in which the influence of isomerism on the fluorescence 
spectrum of polycyclic compounds cannot be explained by this or any 
other simple theoretical assumption. Thus, no change in the system of 
conjugated double bonds occurs in the various dimethylalloxazines ; 
nevertheless, the fluorescence of 6,7-, 6,8-, and 5, 8-dime thylalloxazine 
is described by Karrer and Musante as sky-blue, bluish green, and 
greenish yellow, respectively {721), 

According to Schlenk and Befgmann, 9,10-diphenyl-9,10- 
dihydroanthracene and several of its derivatives exist in three isomeric 
modifications, of which only one shows a strong violet fluorescence in 
solution (compare Section 130) {1438), 

126. Influence of State of Aggregation. The greatest part of earlier 
investigations, as well as of more recent papers, is concerned with the 
fluorescence of organic compounds in liquid solutions. The solvents 
were most frequently water, alcohol, hexane or other aliphatic 
compounds; benzene, toluene, etc., are less advantageous because 
their absorption bands lie in the region of greater wavelengths and 
because they are themselves fluorescent. 

The fluorescence yield of pure liquid compounds, such as benzene 
and its derivatives, is very low, on account of self-quenching. The 
Pringsheim 14* 



398 


FLUORESCENCE OF ORGANIC COMPOUNDS 


fluorescence of pure crystalline anthracene, which is still strong 
immediately below the melting point, vanishes completely as soon as 
the substance is liquified. The fluorescence spectra of compounds which 
are not ionized in solutions are, in general, the same for the vapors, 
solutions, and solid crystals, the bands being only slightly displaced in 
the direction of greater wavelengths, by passing from the vapor to the 
solution and to the crystal. This is true especially for colorless com- 
pounds with fluorescence bands in the u.v., the violet, or the blue. Most 
deeply colored substances which show a characteristic fluorescence in 
the vapor state or in dilute solutions are very little or not at all fluo- 
rescent as crystals. Examples are napthacene, and other polycyclic 
condensed hydrocarbons, in contrast to anthracene, phenanthrene, 
fluorocyclene, and naphthalene; the dark-colored, almost copper-like 
crystals of the diphenylpolyenes with more than three ethylene groups 
also cannot be excited to fluorescence. Crystalline dyes, such as fluo- 
rescein, eosin, and the rhodamines, which have such high absorption 
coefficients in certain regions of the visible spectrum that the re- 
flection becomes metallic, are not fluorescent, even at the temperature 
of liquid nitrogen. A weak yellowish fluorescence is excited by ncar- 
u.v. light in the microcrystalline powder of trypaflavine, which is 
orange-yellow without the metallic luster characteristic of the dyes 
mentioned above ; and a light yellow dye, which has been prepared by 
G. Schwarz, exhibits a very brilliant yellow luminescence under black 
light illumination, while its fluorescence in alcoholic solution is blue- 
green and relatively weak* {i 2 gijy 2 i). Another example of this type 
is the fairly strong, dark-red fluorescence of isocyanine chloride, which 
is not luminescent in liquid solutions; the broad red emission band 
of the solid does not seem to be related to the narrow yellow band of 
the polymerized molecules which are formed in concentrated aqueous 
solutions. Still another group of compounds which are fluorescent in 
the solid state and not in liquid solutions is mentioned by H. Kauff- 
mann. Among them are aminobenzalmalononitrile [(CH3)2N-CeH4*- 
CH(CN)2], dimethylamino-a-phenylcinnamonitrile [(CH3)2N-C0H4- 
* The formula for this nameless dye is; 



Dyes of almost identical constitution in which, for instance, the oxygen of the 
oxazine ring is replaced by sulfur or selenium, and which have practically the 
same absorption spectrum, are not fluorescent in the solid state. 
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CH - C(CN)CeH5], and _^-dimethylaminophenyl [(CH3)2NC6H4- 
C(CN)CeH5], with a strong orange, green, and bright red fluorescence, 
respectively. Other compounds of the same type, which are brilliantly 
luminescent in the solid state, can be excited to a much weaker fluo* 
rescence of a different color when they are dissolved in alcohol or 
pyrimidine. Since all these compounds contain the cyanogen group, 
Kauffmann assumes that this is the cause of tlieir behavior, as it is 
supposed to be in the case of the cyanoplatinites (compare Section 
149 ) {£, 734 , 735 , 737 ). 

If no unequivocal relation exists between the fluorescence spec- 
trum of a crystalline compound and the spectrum of the vapor 
or of a dilute liquid solution, the possibility must be considered that 
the emission by the solid is not characteristic of the bulk material but 
of an impurity which may be present in very small quantities. 7 'hus, 
the green fluorescence of ail commercial anthracene is caused by an 
admixture of naphthacene, the blue fluorescence of phenanthrene is 
caused by anthracene which can be removed only by adsorption 
methods, the blue fluorescence of fluorene is probably due to anthracene 
and carbazole, etc. According to Winterstein, carbazol can be ex- 
tracted from many supposedly pure anthracene samples and shows, 
when highly purified itself by chromatographic methods, a bright blue 
fluorescence. Campbell succeeded however, in completely suppressing 
this fluorescence by even more careful purification {ig 8 ,i 8 s 8 ). The 
probability of contamination with some impurities exists, to a still 
higher degree, in more complex compounds, especially if they are not 
of a synthetic nature but are derived from some plant extracts. There- 
fore, most of the statements published on the fluorescence of solid 
alkaloids (morphine, papaverine, etc.), interesting as they would be if 
they were correct, cannot be accepted as being reliable {14,15). The 
only exceptions are quinine and its salts, which have been tested in 
carefully purified samples. 

At liquid-air temperature the diffuse band spectra of many 
crystalline organic compounds are resolved into groups of narrow 
sub-bands or lines. Under these conditions similarity with the spectra 
of the vapors becomes even more evident. The splitting of the broad 
bands has been observed in the spectra of benzene, the xylenes, 
naphthalene, etc., and also of more complex hydrocarbons, such as 
decacyclene and several others. In some instances (for example, 
naphthalene and the diphenylpolyenes), the fluorescence spectra of 
the crystals show at low temperature an even more pronounced 
structure than those of the vapors. 
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127. Influence of Solvent. The relation between the nature of the 
solvent and the fluorescence yield of dissolved compounds has already 
been mentioned in Section 106. The. influence of the solvent on the 
exact spectral location of the fluorescence bands has been a matter of 
discussion for a long period. It has been suggested that the color of the 
fluorescence shifts continuously from violet to red with increasing 
dielectric constant of the solvent ; the data in Table 73a have frequently 
been brought forward as proof for this hypothesis. Other examples 
can easily be found, however, which seem to prove exactly the 
contrary (Table 73b) { 1406 , 140 ^ 0 ). The search for connections with 

Table 73 

Relation Between the Wavelength of the Fluorescence Bands 
AND the Dielectric Constant fj . of the Solvent 
a. Dimethylnaphtheurhodine 


Solvent 

Ligroin 

Ether 

Pyridine | 

i 

Acetone 

Lcvulinic 

acid 

Ethanol 

Methanol 

^ ..... 
Color of fluo- 
rescence 

1.86 

green 

4.37 
green - 
yellow 

8.08 

yellow 

12.4 

orange- 

yellow 

20.7 

orange- 

yellow 

26.3 

orange 

31 

orange- 

red 


b. Anthracene 


Solvent 

Benzene 

Toluene 

, Xylene 

1 

Ether 

Amyl 
a Icohol 

Ethanol 

Metha- 

nol 

Vapor 



2.25 

2.35 ! 

2.57 

4.37 

16.7 

26.3 

31 



Wavelengths . 

4060 

4050 

4050 

4035 

4030 

4020 

3998 

3900 

of main 
fluorescence 

4285 

4270 

4260 

4225 

4250 

4260 

4220 

4150 

bands . . . . 

4570 

4550 

4535 

4535 

4500 

4500 

4480 

4320 


other properties of the solvent, such as its dipole moment, were no 
more successful. This seems to be due to the fact that the superimposed 
influences of polarity (molecular electric moment) and index of 
refraction (dielectric constant for high frequencies) can act either in 
the same or in opposite directions. According to results published by 
Sheppard, the absorption bands of a great many dyes are shifted quite 
regularly toward greater wavelengths with decreasing index of re- 
fraction of the solvents, as long as only solvents of the same polarity 
are taken into account. It is certainly justified to assume that this rule 
holds also for the fluorescence bands, although no actual measurements 
are at hand. It is another question whether the rule can be applied 
to other types of dissolved organic compounds. 
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In a similar way the nature of the adsorbent acts on the fluo- 
rescence spectra of adsorbed dyes. This can be observed at its best if 
the fluorescence spectrum consists of relatively narrow bands, and has, 
for instance, been shown for hematoporphyrin adsorbed on various 
supports. An even better example is provided by the almost linelike 
narrow absorption and emission band of the polymerized isocyanine 
dyes, as shown in Table 74 ( 56 , 1414 ). 


Table 74 

Absorption and Fluorescence Bands 
OF Adsorbed Isocyanine Chloride 


AfKorbcnt substance j 

Absorption 
band ir\ A 

Fluorescence 
band in A 

Glass 

5728 



Quartz (cryst.) . . 

5767 


(Wpsuni ! 

1 5720 

5727 

Mica 

5793 

5806 


The problem is, of course, of a different kind if the nature of the 
dissolved molecules is altered by a reaction with the solvent. Such 
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V ifv cm*’ 


Fig. 1 35. Absorption spec- 
trum of naphthylamine 
(Ley and Graefe). 

1: naphthylamine in al- 
cohol. 2 : naphthylamine 
with HCl in alco- 

hol. 3: naphthalene in 
alcohol. 

Pringsheim 
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Fig. 1 36. Fluorescence spectrum of 
naphthylamine in alcohol (Ley and 
Graefe). 

1 : pure naphthylamine. 2-4 : 
increasing addition of HCl. 

5 : naphthalene and benzene 
for comparison. 
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reactions can consist either of a change in the state of ionization (see 
Section 116) or in the formation of a new compound. If, for instance, 
hydrochloric acid is added in increasing concentration to solutions of 
aniline or naphthyl amine, the absorption and fluorescence bands of 
these compounds give way to bands similar to those of benzene or 
naphthalene, respectively (Figures 135 and 136). The amino groups 
are successively replaced by iVjfifjCZ-groups and these substituents 
influence the characteristic frequencies of the nonsubtituted hydro- 
carbons to a much smaller degree than the amino groups (9J7). 

B. Aromatic Hydrocarbons and HeterocycKc Compounds 

128. Benzene. J. Stark discovered the fluort‘scenc(' of benzene in 
liquid solutions long before the fluorescence of the vapor had been 
observed. The solvents were alcohol, water, hexane, carbon tetra- 



Fig. 137. Schematic representation of fluorescence 
spectrum of benzene (Kronenberger and Pringsheim). 


a : vapor at high pres- 
sure 

b : solid at - 180° C 
c: solid at 0° C 


d\ liquid at 0° C 
c-g : 30 %, 10 % , a nd 
4 % solutions in 
ethanol 


chlolide, and ether. The emission spectrum is analogoui^to that of the 
vapor insofar as it consists of a progression of bands with a spacing 
J V == 1000 cm^^ adjoining a similar progression of absorption bands 
which are separated by intervals J v = 920 cm^^. The structure of the 
bands is, however, almost completely blurred out, the only trace of it 
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consisting in a secondary maximum at the long-wavelength side of 
each band { 303 , 13 ^ 0 , 1546 ). The distance by which the bands are 
displaced with respect to those of the vapor depends not only on the 
nature of the solvent, but even to a greater degree on the con- 
centration of the solution. In very dilute alcoholic solutions the centers 
of the bands coincide almost exactly with those in the vapor spectrum 
and the wavelength shift becomes noticeable only at higher concen- 
trations. The values in the third and fourth rows of Table 75 are, 
therefore, exact only for a well-defined concentration. This is shown 
.schematically in the last three rows of Figure 137. 


Table 75 

Absorption and Fluorescence Bands of Benzene 
(Wavelengths of the short-wavelength edges in A) 


r' 

() 

5 

■f 

3 

2 

1 

0 

0 

0 

0 

[ 0 

0 

0 

7 -'' 

0 

0 

0 

0 

0 


0 

1 

2 

3 

4 

i 

0 

f Abs. 

2275 

' 2,32 ■( 

23()3 

2410 

'2471 

252K 

2589 

2007 




i 


\ tipDI 1 


1 

1 




2541 

2002 

2007 

2739 

'2815 

2895 

2980 

30 

Alcohol J Abs. 

2290 ? 

2330; 

2378j 

2428 

2485 

2547 

2598 

2081 






solution*^^ FI. 

1 1 

1 1 

1 ! 
1 1 

! 

L. 



2599 

2079 

. ' 

2754 

2827 

2910 

3005 ? 


Pure at r Abs. 

2297 

2339 

23<S5 

2432 

2488 

2550 

2008 

2089 






25‘ Cl^Fl, 









2080 

2701 

837 

2920 




In pure liquid benzene the emission bands are very diffuse and so 
weak that only the strongest bands can be observed. The melting point 
of benzene is at h 5° C, but the liquid can be undercooled to below O'. 
If the undercooled liquid is made to crystallize, the fluorescence bands 
recover the full intensity and relative sharpness corresponding to the 
optimum concentration in a dilute solution (compare vSection 1 12) and 
a short afterglow can be observed phosphoroscopically. The fine 
structure of the bands appears, however, only if the crystals are cooled 
to a temperature below — 100° C. 

Just as the fluorescence of the vapor at high pressures, the fluo- 
rescence of crystalline benzene at — 180° C is independent of the 
wavelength of the primary light. The emission spectrum is the same 
whether the fluorescence is excited by the u.v. continuum of a hy- 
drogen lamp, by the total radiation of a mercury lamp, or by the 
monochromatic line 2537A. Whereas the absorption bands are still 
further resolved at the temperature of boiling hydrogen, no better 
resolution of the fluorescence spectrum can be obtained at — 259° than 
at --- 180° ( 835 , 1356 ). Although the analogy between the spectra 
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represented in the first two rows of Figure 137 is obvious, a correlation 
of the individual bands of the crystal spectrum with those of the vapor 
spectrum has not met with much success. From an analysis of the 
crystal absorption spectrum its O'-O'" band could be identified with a 
weak band at 37,829 cm~^ (2641 A), which thus is displaced by 261 
cm“^ with respect to the 0 band of the vapor (Figure 138). The 
strongest band series with a spacing of 990 cm“"^ starts in the fluo- 
rescence spectrum of the crystals at a distance of 600 cm”^ from the 
O'-O'' band and corresponds to the progression designated as B in the 


3130 

4 


2536.7 



Fig. 138. Fluorescence spectra of benzene excited by 
Hg-arc (Kronenberger and Pringsheim). This figure was 
made from the original prints, but spectrum d has been 
enlarged so that its dispersion matches the others, as 
indicated by the arrows. 

a : Hg comparison c: solid benzene at 0° C 

spectrum rf: solid benzene at 

b: fluorescence of ben- - 180*^ C 

zene vapor at 20*^ C 


vapor spectrum (Section 88). Only one other series originating at a 
distance of 970 cm“^ from the band has been identified by 

Sponer with some certainty as corresponding to one of the weaker 
progressions of the vapor spectrum. Several of the smaller frequency 
interval recurring in the crystal spectrum have been ascribed ten- 
tatively to lattice vibrations [ 835 , 836 , 1545 ). 

129. Derivatives of Benzene. Fluorescence spectra, of monocyclic 
benzene derivatives in liquid solutions are collected in Table 76. Most 
of these spectra are closely related to that of benzene itself, as is the 
case in the spectra of the vapors. However, they are again more 
diffuse and shifted in the direction of greater wavelengths. These 
eflfects are especially pronounced if an H-atom of the phenyl ring is 
replaced by a hydroxyl or an amino group, while the introduction 
of methyl groups has relatively little effect. A comparison of the spectra 
of biphenyl and diphenylmethane shows that the interaction 
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between the phenyl rings becomes appreciably weaker if they are 
separated by a CHg-group. On the other hand, the fluorescence 
spectrum of biphenyl, which is always described as diffuse and weak 
in the vapor, shows some structure and is fairly strong in solutions. 
According to Bowen, the fluorescence yield of biphenyl dissolved in 
hexane is 22 %, about twice as large as that of benzene listed in 
Table 61. This difference in the behavior of the vapor and the solution 
may be explained by the stabilizing effect mentioned in Section 83h. 
In all spectra the maxima are superimposed on a strong continuous 
background. Although frequency differences occur between individual 
maxima which are of the same order of magnitude as those in the 
benzene spectrum, the maxima never form series with a constant 
spacing and are probably due to the superposition of a number of 
progressions. A theoretical analysis of these spectra is, therefore, not 
possible, and this is further emphasized by the fact that the data 
published by various authors differ widely in many details. Most of the 
figures of Table 76 are taken from a recent paper by Ley and Specker in 
which the wavelengths of the band are stated without any attempt to 
arrange them in regular series (954,95^,16^9). 

The spectra observed at low temperatures in the crystalline 
modifications show, again, more structure than those of undercooled 
glasses. Both types of emission spectra, however, are only more or less 
modified forms of the spectra characteristic of the vapors or the liquid 
solutions. Luminescence spectra of an essentially different type can 
occur if thin films of benzene derivatives are condensed on a metal 
surface at the temperature of liquid air. They are shifted far into the 
region of greater wavelengths and seem no longer to be related to the 
first absorption bands. Thus, a band between 5125 and 6410A 
(maximum at 56 15 A) has been observed by Terenin in the lumi- 
nescence spectrum of bibenzyl under these conditions, while the normal 
fluorescence bands of this compound lie near 3000A (Table 76). 
Similar new emission bands are obtained when aromatic compounds 
are dissolved in solids or adsorbed on gels at low temperatures. Ap- 
parently the conditions for the appearance of these luminescence 
bands, which are always combined with an appreciable afterglow, 
were also provided by Terenin ’s experimental arrangement (compare 
Section 136) (1640). 

130. Condensed Aromatic Hydrocarbons. The absorption and 
fluorescence bands of the hydrocarbons in which a series of benzene 
rings are fused in a straight chain have increasing wavelengths with 
increase in number of rings and of conjugated double bonds (numbers 
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Table 76 

Fluorescence Spectra of Benzene Derivatives in Liquid Solution 
IN Alcohol (A) or Hexane (H) 

(Band limits and band maxima in A) 


(A) Benzene . , 
CeHe 

(A) Toluene . . 
CeH.CHg 


(A) Xylene . . 
C.H.(CH 3 ), 


(A) Mesitylene . . . . 
C.H3(CH,), 

(H) Durol 

C,H3(CH,)3 

(A) Phenol* 

C.HjOII 


J m 


P 


(A) Cresol 

(A) Hydroxy ben zoic 

acid 

HOQH 4 COOH 
(A) Aniline 

CeHgNHa 

(A) Anisidine . . . . 

CHsOCgH^NHa 
(A) Tolunitrile . . . . 

(H) Biphenyl 

CeHgCeHs 

(H) Diphenylmethane 


{ 

{ 


QHjCHgCeHg 

(H) Bibenzyl 

(H) Dibenzylethylene . 
CeHgCHaCH: 
CHCHaCeHs 
(H) Diphenyl ether* . . 

CeHgOCaH^ 

(H) Diphenylamine . . 
(CeH,),NH 


0 

m 

P 

o 

m 

P 


o 

P 

o 

p 


2550-3000 

2599 2635 2639 2754 2827 2910 
2610-3000 

2622 2646 2676 2740 2809 2886 
2600-3200 

2603 2636 2680 2713 2798 2896 3038 3135 
2670-2820 

2685 2715 2802 
2650-2900 

2681 2739 2801 2865 
2650-3000 

2698 2712 2747 2786 2863 2972 
2800-3400 
continuous 
2870-3500 
continuous 
2870-3850 ^ 

2860-3850 > continuous 
2920-3850 J 
3760-4800 

3280-4440 v continuous 
3230-4080 J 
3000-4100 

continuous with weak maxima 3048 3355 
3130-4290 \ 

339A-4230 J continuous 

287a 3760 i 

2800-3510 / continuous 
2940-3650 

2940 3048 3140 3190 3270 3406 3550 
2720-3200 

2750 2790 2845 2935 3015 
2700-3200 

2750 2790 2835 2910 3040 
2700-3200 

2785 2835 2960 3060 3140 
2840-3680 

continuous 

3260-4150 

continuous 


. ♦ The analogous compounds in which O is replaced by S are not fluorescent, 
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1-5 in Table 78). The fluorescence spectra of crystalline naphthalene, 
anthracene, and phenanthrene at the temperature of boiling hydrogen 
were analyzed by Obreimow and Prikhotjko. They identified some of 
the principal frequency differences occurring in each of these spectra 
with infrared and Raman frequencies of the hydrocarbons. However, 
the coincidence is not quite convincing in several cases. Moreover, 
numerous nuclear frequencies not known from any other investigations 
had to be introduced for the complete representation of more than 100 
lines measured in the naphthalene spectrum, some of which* had a 
width of only 0.2A (5 cm“^), and the overall appearance of the spectra 
did not show the clear periodicity characteristic of the low temperature 
fluorescence spectrum of crystalline benzene. Considering the uncer- 
tainty of the interpretation of even this spectrum, Obreimow’s 
analysis of the much more complicated spectra cannot be accepted 
without some reserve {1153,11^4,1266). 

The manifold luminescence spectra which are excited in naphtha- 
lene under various experimental conditions are collected as a typical 
example in Table 77. The processes by which some of these spectra 
are produced will be discussed in later sections. 

The fluorescence yield increases from benzene through naphtha- 
lene to anthracene and drops rapidly for the aromatic hydrocarbons 
containing more than three phenyl rings in a straight chain. This holds 
for liquid solutions as well as for pure solids. The fluorescence of 
pentacene dissolved in benzene is very weak, and it is below the limit 
of observability in the crystals. (Compare Table 53). When naphtha- 
cene is dissolved in anthracene or in other hydrocarbons, such as 
1,2-benzanthracene apd 1,2,5,6-dibenzanthracene, however, its lu- 
minescence becomes exceedingly strong. An admixture of 10"'^% 
naphthacene, which is present in all anthracene not especially purified, 
suffices to make the green naphthacene bands appear brighter in the 
fluorescence spectrum than the violet bands of anthracene, while at 
the concentration of 0.1 % the latter are completely suppressed. At 
a naphthacene concentration exceeding 0.1 %, the intensity of the 
green fluorescence decreases again, apparently due to self-quenching. 
If the green and the violet bands are observed simultaneously in the 
crystals, they are both excited by light of wavelengths below 4000A, 
which is absorbed by anthracene. The emission of the green bands 
alone is excited with low intensity by irradiation with blue light, 
which is ineffective in pure anthracene.* At low temperatures the 
so-called green anthracene bands are split into narrow lines exactly 

* Unpublished observations. 
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Table 77 

Luminescence of Naphthalene in Condensed Systems 


(Wavelength of band edges in A) 


Absorp- 

tion 

Fluorescence 

Afterglow 

In 





“Progressive 

“Solution 

“Prin- 

alcohol 

In 

Pure 

Pure* 


phQsphor- 

spectrum” 

cipal 

and 

alcohol 

cryst. 

cryst. 


csccnee*' 

in chloro- 

spec- 

boric 

+ 20° 

-f 20° 

— 180° 

zu J 

in alcohol. 

benzene 

trum” 

acid 





— 180°t 

— 180°t 

— 180°t 

2540 




4650-4750 

4660 

4730 


2660 





4770 



2770 








2960 




4830 

4830 

4830 


3000 

3000 







3040 

3046 



4980-5100 

5000 

5050 


3070 

3098 




5080 

5100 


3150 

3142 

3163 






3200 

3190 

3214 

3220 3233 


5200 

5170 



3235 

3258 

3276 3303 



5230 



3292 

3307 

3328 

5400-5500 

5400-5500 




3340 

3369 

3375 3400 



5400 

5426 


3386 

3421 

3433 



5450 



3447 


3464 3491 






3498 


3563 



5570 

5580 


3558 


3603 






3627? 


3629 



5650 

5620 


3654? 


3711 3742 




5760 








5900 








6010 








6170 








6320 








6490 


* At — 250° C the bands are resolved into about 130 narro'w bands and lines 
in the region between 3128 and 3716A. 
f Compare Sections 137-139. 


as the genuine anthracene bands and both band systems show the 
same polarization (Section 122 ). Apparently the two hydrocarbons 
form mixed crystals and the excitation of naphthacene is caused by 
exciton migration; the process can also be designated as a kind of 
sensitized fluorescence [143a J43hyi43c, 458a, 82ga ,1153, 1803, 1858 ) . 

On the other hand, the golden-yellow fluorescence of rubrene 
(tetraphenylnaphthacene), in which the hydrogen atoms of the four 
central carbon atoms of naphthacene are replaced by phenyl rings, is 
fairly strong in the solid crystals and if the compound is dissolved in 
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Table 78 

Fluorescence Spectra of Aromatic Hydrocarbons in Solution 
(Wavelengths in A) 


1. Benzene* 2500-3000 

2. Naphthalene* 3000-3650 

3., Anthracene* 3720-4600 

4. Naphthacene 4600-5800 (4680 4980 5330 5740) 

5. Pentacene red 

6. Rubrene 5450-6235 (maxima: 5600 5900) 

7. Phenanthrene 3480-4070 (3480 3656 3852 4068) 

8. Chrysene 3600-4000 

9. Pyrene 3700-4000 

10. Perylene blue (4400 4700) 

11. Fluorene 3020-3700 (maxima: 3020 3250) 

12. Cholanthrene blue-violet (4000-5000t) 

13. Decacyclene 4770-6000 (4765 5105 5520 5950) 

14. Fluorocyclene 4100-5400 (4155 4400 4660 5040 5340) 


♦ For details, see Tables 73, 75, and 77. 
t Also below 4000A. 

hexane, the fluorescence is brighter than that of any other hydro- 
carbon, the yield being close to 100% at low concentrations. This is 
rather surprising because phenyl rings as substituents are frequently 
apt to reduce the fluorescence yield of aromatic compounds.^ 

When a number of benzene rings are fused so that instead of 
being in a straight line the molecule has an angular structure, the rule 
concerning the wavelengths of the fluorescence bands no longer holds. 
The first example of this kind is phenanthrene ; although it is an isomer 
of anthracene and also consists of three rings, its fluorescence is re- 
stricted to the u.v. Even in very recent publications the fluorescence 
of phenanthrene is described as blue. This is due to the fact that all 
commercial phenanthrene is contaminated with a high percentage of 
anthracene eveh though it may be claimed by the manufacturers to 
be pure. In this case, as well as in that of pyrene and chrysene, the 
impurity is so considerable (up to ten per cent) that, in general, even 
when the substance is observed in a dilute alcoholic solution, the 
anthracene bands are obtained in the emission spectrum; this has 
been taken as a proof that the bands are really characteristic of 
phenanthrene, chrysene, and pyrene (1, 2- and 9, 10-benzophenan- 

* The four phenyl rings in the. 9, 10, 11, 12-position in the rubrene molecule 
cannot be coplanar with the phenyl rings of the naphthacene chain. 
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threne) which, although they are four-ring compounds, are colorless as 
pure crystals and emit a dark violet to u.v. fluorescence* {1406 

1507)- 

The fluorescence spectra of many phenylated anthracenes, such 
as 2-phenylanthracene, 9,10- or 2,8-diphenylanthracene, and 1, 4,5,8- 
tetraphenylanthracene dissolved in benzene are very similar to that 
of anthracene, the bands being shifted only a little in the direction 
of greater wavelengths with increasing number of added phenyl 
rings [623), 

Qualitative data giving no more than the fluorescence color are 
available for a great number of higher aromatic hydrocarbons. These 
data are sufficient, however, to provide some support for the rule that 
long straight chains of fused benzene rings favor the appearance of 
fluorescence of great wavelength. Thus, the fluorescence of the 
compounds consisting of five rings changes from red to violet with 
shortening of the longest chain occurring in the molecules, as shown 
in Table 79. Even the fluorescence of the seven -ring compound 
coronene, which has no more than three rings in a chain in any 
direction, is blue-violet and very similar to that of anthracene. By the 
addition of still more benzene rings to coronene, the fluoitsccnce color 
is again shifted toward the red but without much regularity. The fluo- 
rescence of the nine-ring compounds, dibenzocoronene and viol- 
an threne, is yellow and the fluorescence of dinaphthocoroneneisgreen, 
although it contains five benzene rings fused in a straight row as in 
pentacene, with three more rings added on both sides (229^,2296,1^70- 
1474 )- 

The fluorescence spectrum of benzopyrene dissolved in hexane 
or in alcohol is analogous to that of the vapor, the sequence of bands 
on a continuous background showing some structure (see Table 48) 
[g, lyy, 234, 235, 613, 614, gg3J02yj4og, 1410). If the compound crystal- 
lizes by slow evaporation of an alcoholic solution, or if it is condensed 
from the vapor phase on the cold glass wall of an evacuated vessel, it 
exhibits a bright green fluorescence, the spectrum of which consists of 

♦ It may be mentioned that “purest” commercial crystalline naphthalene, 
also, in general, shows anthracene bands in Its fluorescence spectrum. It is 
exceptional that an aromatic hydrocarbon is pure under fluorescence test. 
Complete purification is difficult, recrystallization and fractionated sublimation 
being of little avail. The best method is selective adsorption on aluminum oxide, 
silica gel, or active charcoal. Making use of this method, most impurities can be 
separated and rendered visible by their fluorescence (so-called ultrachrom- 
atography). In general, the more strongly colored compounds, showing a fluo- 
rescence of greater wavelength, have the higher adsorption coefficients. 
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Table 79 


Fluorescence of Polycyclic Aromatic Hydrocarbons 
(Dissolved in Hexane) 


Compound 

Formula 

Fluorescence color 

Pentacene 

Q2II14 • • • • 

'cooco 

red 

1, 2, 6, 7-Dibenz- 
anthracene 

^22^14 • • • • 


yellow-green 

8, 9-benzo- 
chrysene 
^22^1x4 • • • • 

go 

blue-green 




1, 2, 5, 6-Dibenz- 
anthracene 

Ci,H„ .... 


blue 

(3900 4150 4500) 

1 

1, 2-Benzopyrene 

C20H12 . . . . 

cx59 

blue-violet 

(3947 4033-4089* 4134- 
4160* 4286-4319* 4354) 

Perylene 

C20H12 . . . . 


blue 

Coronene 

^24^^12 • • • • 


blue-violet 


♦ Strong double bands. 


a broad continuous band between 4360 and 5800A. If, subsequently, 
the solid is heated to 60° C,* the fluorescence color changes to blue and 
the emission spectrum shows a continuous band with a maximum of 
♦ The melting point of benzop3d:ene is at 176° C. 
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intensity at 4500A and a weaker narrow band at 4200A. Renewed dis- 
solution and crystallization or renewed sublimation in vacuo restores 
the green fluorescence and the same process can be repeated at will 
(J292). Weigert assumes that the green fluorescing modification is 
colloidal and the blue fluorescing crystalline. While this hypothesis 
does not seem to agree with the phenomena stated above, the following 
observation, in addition to some others related by Weigert, is in favor 
of his assumption. If small quantities of naphthacene are added to 
benzopyrene, the blue fluorescence is suppressed by the well-known 
green bands of naphthacene, as in other crystalline hydrocarbons; the 
green fluorescence of benzopyrene, on the other hand, is not appreci- 
ably affected by an admixture of naphthacene, apparently because, 
under the now- prevailing conditions, the energy absorbed by the 
benzopyrene molecules cannot be transferred to the naphthacene 
molecules { 1803 ), 

The last hydrocarbons listed in Table 18 are not built up ex- 
clusively from benzene rings. Fluorene is apparently a three-ring 
compound : the most probable structure determining its ground state 


corresponds to the form 



so that, as in biphenyl, no 


H3 


double bond links the two benzene rings. If this is correct, the ab- 
sorption and fluorescence spectrum would be due mainly to the two 
disconnected benzene rings. As a matter of fact, the fluorescence of 
fluorene does not differ greatly from that of biphenyl and must be 
explained in the same way. (For the same reason as in the case of 
phenanthrene, the fluorescence of fluorene is frequently described as 
blue; the most common impurity is supposed to be carbazole). 

Cholanthrene can be derived from 1, 2-benzanthracene by ad- 
dition of a five-cornered ring : 



When dissolved in hexane it emits a broad continuous fluorescence 
band. The solid compound is distinguished by the same peculiarity as 
benzop3u:ene : it exists in a blue and a green fluorescing modification, 
and, again, only the form with the blue fluorescence is susceptible to 
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the effect produced by small admixtures of naphthacene. The same 
holds for methylcholanthrene {iyyj8o3). 

Benzopyrene, cholanthrene, and methylcholanthrene are known 
to be highly carcinogenic; this was assumed at first to be related to 
their ability to fluoresce. There are, however, many other hydro- 
carbons with similar fluorescence yield and similar fluorescence 
spectra which are completely harmless. The existence of two modifi- 
cations with different fluorescence spectra, on the other hand, has 
been observed only with the three carcinogenic compounds. Whether 
the second modification is a colloid or a different crystalline form, a 
connection between this property and the physiological efiiciency does 
not seem improbable. 

Compounds 13 and 14 in Table 78 are of a much more complicated 
structure. They consist of a central ring surrounded by a number of 
naphthalene groups. Thus, decacyclene is represented by the formula : 



The absorption spectra of these compounds are divided into two parts : 
a band near 3000A, practically coinciding with the naphthalene band, 
and a long-wavelength band which, in the case of decacyclene, 
stretches from 3400-4500A. The visible fluorescence is excited only 
by light absorption in the second band, while absorption in the 
naphthalene band is ineffective. The fluorescence spectra of fluoro- 
cyclene in the vapor state, in liquid solutions, and in the crystalline 
state are very similar, the bands being shifted somewhat toward 
greater wavelengths in the crystals {gyi,g8i,i235,iy2o). 

The effect of substitutions is the same in polycyclic hydrocarbons 
as in the isolated benzene ring (Table 80). In alkyl-substituted 
compounds, the spectra are shifted by small amounts to greater 
wavelengths and the structure of the bands is mostly blurred out. The 
same is true for many other substituents (see numbers 1,2, 10, and 
11 in Table 80). On the other hand, the bands are displaced far into 
the visible region by the addition of an amine or a hydroxyl group 
(7,90)- 

The spectra of dihydroanthracene and octahydfoanthracene are 
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Table 80 

Fluorescence of Substituted Polycyclic Hydrocarbons 
IN Solution 


Compound 

Wavelength of fluorescence bands in A 

1 . Methylnaphthalene C 10 H 7 CH 3 

3000-3700 

2 . Naphthyl-a-sodium sulfonate 

3100-3700, continuous 

CioH^NaSOg 

(maximum 3400) 

3. a- and)9-Naphthol C 10 H 7 OH . 

3800-5400 

(main maximum4100; secondary 5000) 

4. /?-Naphthol sodium sulfonate 
CioHeOHNaSOg 

(main maximum4100; secondary 5000) 

5. a> and /?-Naphthylamine 

3900-5600 

CioH^NHj 

(main maximum4500; secondarySOOO) 

6 . Sodium naphthionate . . . . 

(main maximum4500; secondary 5000) 

7. ^-Anthramine* . . 

5000-6000 (maximum 5300) 

8 . Dihydroanthracene C 14 H 12 . . 

2720-3400 (maximum 2900) 

9. Octahydroanthracene Ci 4 Hig, 

2840-3450 (maximum 3020) 

10. Retenef Ci 4 HaCH(CH 3 )j 

3400-3700 

11 . Methyl- and ethylcholanthrene 

4000-5200 (peak 4600) 

12. Diazonaphthalidene 

C = C 

4100-5100 (4158 4343 4628 5034) 


* By addition of HCl the fluorescence band is shifted, in this case also, to 
shorter wavelengths and acquires a structure similar to the fluorescence of 
anthracene, with maxima at 3880, 4090, and 4330A (Figure 135). 
t Retene is a phenanthrene derivative. 

especially instructive. In these compounds the system of double bonds 
existing in anthracene is interrupted and only two disconnected 
benzene rings remain in the first, only one such ring in the second 
compound : 



H, H, Hj 


These are exceptional instances, in which it has been proved that the 
fluorescence is not really suppressed by the break in the chain of double 
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bonds, but that the visible fluorescence of the long chain is replaced 
by the u.v. fluorescence of disconnected benzene rings {938), 

It has been mentioned at the end of Section 125 that, according to 
Schlenk and Bergmann, phenylated 9, 10-dihydroanthracenes exhibit 
a strong violet fluorescence. Hirschberg and Haskelberg made analo- 
gous observations on solutions of tetraphenyl-9, lO-dihydroanthra- 
cene; but they found that the emission spectrum was identical with 
that of the nonhydrogenated compound and concluded that an ad- 
mixture of the latter caused the fluorescence of the other solutions. 
Probably the same interpretation must be applied to Schlenk's and 
Bermann's observations {623,1438). 

The last compound (12) has been added to the list because it be- 
longs to the same class as decacy dene insofar as its fluorescence and 
absorption spectra are concerned. The visible fluorescence is not ex- 
cited by light absorption in the naphthalene bands but only by 
absorption in a long- wavelength band at 3400-4350 A. 

The ketones of the hydrocarbons consisting of nine rings are the 
so-called anthrene or indanthrene dyes. Many of these — for instance, 
alizanthrene violet, caledone jade green, and anthrene dark blue — 
pxhibit a deep red fluorescence when dissolved in xylene or tetraline. 

131. Heterocyclic Ring Compounds. Heterocyclic rings, such as 
eyridine, pyrrole, azine, and pyrone, were classified as chromophors 
in the old chromophor-fluorogen theory, and since they were found to 
be not fluorescent by themselves, it was assumed that a “fluorogen’’ 
had to be attached to them in order to provide the ability to fluoresce. 
Thus, the central pyridine ring would be the chromophor in the 
acridine molecule, while the two benzene rings would act as fluorogens. 
The analogy between the. structures of anthracene and acridine is 
obvious, however, and since a similar analogy prevails between their 
absorption and emission spectra, it cannot be doubted that these 
originate from the same mechanism, namely, the resonance between 
the various structural formulas of the three-ring system. The spectra 
belong to the whole molecule and not to an isolated chromophor 
group. The fluorescence bands of acridine in neutral solutions are 
located in the same spectral region as those of anthracene and, while 
the spectrum of acridine is more diffuse at room temperature, it is 
resolved at — 180° C into a sequence of four separated bands with 
nearly the same spacing which occurs in the anthracene spectrum. 
The only essential difference between the optical behavior of the two 
compounds is due to the fact that, in contradistinction to the hydro- 
carbon, acridine forms positive ions in acidified solutions and that the 
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fluorescence bands of these ions are displaced in the direction of 
greater wavelengths ; with decreasing pH the color of the fluorescence 
changes from violet to bluish-green. 

Xanthone is another compound consisting of 3 fused rings, but 
without any double bonds in the central pyrone ring: its fluorescence 
is exclusively u.v. The same is true for carbazole : 



I 

H 


and dibenzofuran ; the last two compounds are quite analogous to 
fluorene, which has been treated in the preceding section, but with the 
additional influence of the imido group and the oxygen, respectively, 
on the fluorescence of the benzene rings. Similar considerations should 
apply also to methylacridone : 


CH3 



O 


Instead, its absorption and fluorescence bands in neutral and acidified 
solutions coincide almost exactly with those of acridine. To provide an 
“anthracene-like resonance structure" for methylacridone, one must 
assume that one of its most probable forms is that of a “zwitter 
ion" with a negative charge on the oxygen and a positive charge on 
the nitrogen: ^ 



an assumption which seems rather artifical (j-^ 69 ).* 

Table 81 lists the fluorescence of various pure and substituted 
heterocyclic ring compounds. While nothing seems to be known 
concerning the fluorescence of coumarin itself, most of its hydroxy 
derivatives, beginning with umbelliferone, are fluorescent in liquid 
solutions. 6 , 7-Dihydroxycoumarin is the substance which (asesculin) 

♦ It would be an easy way out to assume that the solution was contaminated 
with acridine so that the fluorescence and absorption, were due to the latter. 
There is no sufficient reason, however, for justifying this assumption. 
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produces the strong blue fluorescence of chestnut extracts, one of the 
earliest examples of fluorescent plant extracts. Many coumarin de- 
rivatives corresponding to the general formula: 



(R = H or CHg; R' = H, CHg, or CgHg) have been investigated; the 
fluorescence is violet or blue in all cases. Compounds in which R' is a 
phenyl ring, however, are not fluorescent {2^6jj3y). 

Quinoline and numerous quinoline derivatives are fluorescent. 
8-Hydroxyquinoline which is frequently used for the determination 
aluminum and magnesium is not fluorescent in the solid state but- 
exhibits a fairly strong green fluorescence- in alcoholic solution. This 
luminescence is completely quenched by the addition of a few drops 
of a weak acid, but the compounds which are formed with aluminum 
and magnesium and are precipated from an acidified aqueous solution 
as small crystals emit, under black light excitation, a very brilliant 
green fluorescence. The bright fluorescence of tetrahydroquinoline is 
blue-violet in neutral and yellowish green in alkaline solution {836a). 

Alloxazine and its alkyl derivatives are interesting because they 
are the compounds from which vitamin Bg is derived; the fluo- 
rescence of this dye plays an important part in modem vitamin 
analysis. Wiile they still contain one benzene ring in addition to an 
azine and a pyrimidine ring in their three-ring system, this last 
benzene ring is replaced by a pyridine ring in the azoflavines,* without 
impairing the fluorescence of the compounds. Another substance 
consisting of two heterocyclic rings onJy (a pyrazine and a pyrimidine 
ring) is lumazine: 


H 



O 


the compound itself and many of its alkylated derivatives exhibit a 
brilliant fluorescence which varies in color from blue to green with 
increasing pH of the solution. These examples prove definitely that 

♦ Only the azoflavines with a propyl or a cyclohexanol group substituted in 
9-position have been found to be stable. 

Pringsheim 15 
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the presence of a benzene ring as “fluorogen” is not essential for the 
production of strongly luminesent ring compounds [^ 21 ,^ 22 , 844 , 1 ^ 8 ^, 
JJpo)- 

As a matter of fact, several compounds consisting of a single 
heterocyclic ring were known to be fluorescent for a relatively long 
time. Examples are aminocyanofuroic ester and methylamino- 
citraconic mcthylimide: 





C O2C2H5 


^CN 


and 


NHCH., 


1 1 


CH 

CH 


3 

3 


In earlier times, however, the tendency prevailed to assign a decisive 
part in the production of luminescence to one of the side chains — for 
instance, tlie (NC) -group — as “fluorogen” ( 734 ~ 737 )- 

The pyridine derivative respresented by formula I shows a bright 
blue fluorescence in alkaline solution under near u.v. excitation. Ac- 
cording to Kubli and Schmidt, it is due to the fact that the compound 


O 


{C,H,) 




O 


H 








II 


"T ) 

CH, 


(C,H, 


III 


o 

I I 

11 

IV 


undergoes an enolization corresponding to formula II. Enolization 
cannot take place when a methyl group is substituted for hydrogen in 
the NH-group as in formula III. On the other hand, the piperidine 
derivative, formula IV, exhibits no fluorescence in alkaline solution, 
notwithstanding its ability of being enolized. The formation of a chain 
of conjugated double bonds in compound II causes the appearence of 
absorption bands in the near u.v. or the violet, while the absorption 
bands of the compounds I, III, and IV may be located entirely below 
3000 A. Thus the apparent difference in fluorescence power is also, in 
this case, essentially due to a difference in the absorption spectra. The 
same authors list a number of other fluorescent monocyclic pyridine 
derivates { 836 a), 

Very numerous heterocyclic compounds with a great variety of 
substitutions are represented by the typical dyestuffs, which will be 
treated separately in Section 132 and 133.* Among the noncolorcd 

♦ Some of the substances mentioned in this and th( pr* ct ding st ction — for 
instance, the flavines, vitamin and lumazine — an also dyt s. 



FLUORESCENCE OF HETEROCYCLIC RING COMPOUNDS 


419 


compounds of a more complex nature, quinine and its salts are of 
special interest, because they have been investigated very exhaustively 
and provide a great variety of phenomena, many of which have not 
yet been explained satisfactorily. While the fluorescence of quinine 


Table 81 

Fluorescence of Heterocyclic Compounds in Liquid Solutions 


Compound 

Fluorescence band 

Quinoline 

3855-4900 

blue 

4250-4540* 

4250-4540* (maxima : 4335 4455) 
u.v. 

3400^4200 (3470 3590 3760) 

3100-3700 (3165 3280 3450) 

violet 
green t 
yellow 

1 4100-5000-1- (4370) 

Umbelliferone 

Acridine 

Methylacridone 

Xanthone 

Carbazole 

Diphenyl oxide 

Alloxazine 

Liimazine 

Methylaminocitraconic niethylimidc . . 
Quinine sulfate 

* In acidified solution, blue-green, 
t In acidified solution, blue. 


-|- In acidilied solutions, whitish blue \4000-G750; 


maximi^: 5550, 4660). 


salts is violet in neutral and whitish blue in acidified aqueous solutions, 
an intense green fluorescence is obtained if the bisulfatc, hydrochloride, 
or valerate of quinine is heated to the melting point and subsequently 
dissolved at high concentration in water. Although the salts are 
dehydrated by the heating process, it must be assumed that still 
another change occurs in the constitution of the compounds, since the 
mere loss of crystal water would not influence their behavior in aqueous 
solutions. If the solutions are acidified, their fluorescence recovers the 
characteristic whitish blue color and dilution to a very low concen- 
tration has the same effect. On the other hand, addition of an alkali 
does not affect the green fluorescence and, thus, it becomes probable 
that a negative ion or a neutral molecule is the carrier of this lumi- 
nescence. The excitation spectrum of the green fluorescence is also 
shifted in the direction of greater wavelengths. No expl. nation is 
available for the phenomena observed when the heat-treated salts are 
dissolved in organic solvents; in chloroform the fluorescence of the 
preheated hydrochloride and the valerc te is also green, while the 
fluorescence of the bisulfate is blue under these conditions and the 
fluorescence of the valerate dissolved in benzene is violet { 14 ^ 6 ). 
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As last examples of this section, several derivatives of benzofuran 
may be mentioned, because in this case the addition of nonfused 
benzene rings to a compound seems to enhance its fluorescence and 
shifts the emission spectrum toward greater wavelength regions. 
Benzofuran itself is not fluorescent in the visible region, but when two 
of its hydrogen atoms in the 1 , 3-position are substituted by benzene 
rings, the compounds exhibit a strong greenish fluorescence in the 
crystalline state as well as in benzene solutions. The fluorescence is still 
further displaced toward the red end of the spectrum if the substituents 
are biphenyl groups instead of benzene rings forming so-called dixenyl- 
benzofurans. On the other hand, the introduction of methyl groups in 
the 5, 6-positions has practically no influence on the fluorescence 


Table 82 

Fluorescence Bands of Benzofurans 
(Peaks of bands in A) 


Group 


Benzofuran 

j Dihydrobenzofuran 

Solution 

Crystal 

1 Solution 

Crystal 

1,3-diphenyl . . 

4860 

yellow-green 

3840 4050 

blue 

1,3-diphenyl- 

4860 

— 

3840 4080 4590 

blue-green 

5, 6-dimethyl 
1,3-dixenyl . . 

5250 

_ 

4290 4845 4965 

yellow-green 

1,3-dixenyl- 
5, 6-dimethyl 

5250 

orange-yellow 

4290 4915 5025 

yellow-green 


spectra. The behavior of the dihydrobenzofurans is similar, the 
emission bands being displaced somewhat toward the violetand showing 
some structure (j). 


C. Dyes 


132. Synthetic Dyes. For a long time it was generally assumed 
that fluorescence is a property especially characteristic of dye so- 
lutions, and it has been suggested that this is due to the small 
probability of photochemical processes induced by the absorption of 
visible light. From the theoretical viewpoint, however, it is certain 
that the absence of fluorescence in condensed systems is caused, 
frequently, by internal conversion and only ocasionally by photo- 
chemical reactions ; and the experimental facts are far from agreeing 
with the assumption made above that fluorescence is more frequent 
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among dyes than among other organic compounds. Of more than 
1,450 dyes of the color index, less than 100 are listed as fluo- 
rescent in liquid solutions. A superficial survey suffices to show that 
the intensity and hue of color is related in no way to the ability to 
fluoresce. On the other hand, it is obvious that tlie most strongly 
fluorescent dyes all belong to a few restricted classes, of which those 
derived from the xanthenc group (fluorescein, rhodamine), from the 
acridine group ( try pafla vine, euchrysine),' and from the azine group 
(safranine, magdala red) arc the most important,* while there is not 
a single instance of fluorescence in liquid solutions to be found among 
the nearly 700 azo dyes. The latter consist of a number of phenyl 
rings which are linked to each other by - N = N -groups ; in the 
former, two benzene rings are fused to a central heterocyclic ring 
(namely, a pyridine, a pyrone or an azine ring). 

Even more instructive is a comparison between dyes of the 
acridine or xanthene class with diphenyl- or triphenylme thane dyes. 
Thus, the formulas for rhodamine and malachite green differ mainly 
by the absence of the central oxygen atom in the latter and by the 
ensuing fact that the two benzene rings are no longer connected 
through a closed ring but through an open carbon bridge. 

A similar example is provided by fluorescein and phenolphthalcin. 
Fluorescein itself is almost insoluble in water; in alcoholic solution it 
is weakly colored and very slightly fluorescent. On addition of an 
alkali to the solution, the alkali salt is formed, which dissolves easily 
in water and which exhibits the well-known yellow-green fluorescence 
characteristic of the negative fluorescein ion. The water-soluble 
commercial dye “uranin” is disodium fluorescein. The blue-green 
fluorescence which is observed in acidified solutions and originates 
from positive fluorescein ions has already been mentioned in Section 
116. Either of these ions has two resonance structures of identical 
energy ; 



and 



with the electric charge on one or the other of the two symmetrical 

* Other fluorescent dyes of a similar structure are those derived from the 
oxazine group (fluorescent blue) and from the thiazine group (thionine, methylene 
blue). 
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0 -atoms, and both have about the same yellow color in transmitted 
light. If in ^n alcoholic solution of uranin the solvent is replaced 
stepwise by ether, the color and the fluorescence disappear completely 
due to the fact that the dye goes over to the lactoid modification. The 
molecule corresponding to the formula: 



has no resonance structure of equal energy apart from the various 
Kekule forms of the benzene rings. 

Phenolphthalein differs from fluorescein in the same way as 
malachite green differs from rhodamine. It is colorless in neutral and 
deep red in alkaline solutions, but is equally nonfluorescent in all liquid 
solutions.* However, when the alkaline solution is solidified by the 
addition of gelatin, it exhibits a vivid orange fluorescence. 

If the solvent is liquid at room temperature, fluorescence of 
diphenyl- and triphenylme thane dyes appears at the temperature at 
which the liquid is transformed into a rigid glass. The fluorescence 
of crystal violet becomes visible in ethanol at -- 158'’ C, in glycerol 
at - - 60° C, and in supercooled glucose at room temperature. 

Other examples of diphenyl- and triphenylmcthane dyes which nre 
fluorescent only in rigid media are rosamine, auramine, methyl violet, 
and fuchsin {14^4,1548). The radical triphenylmethyl also belongs to 
this class; the fluorescence spectrum of the radical dissolved in a 
mixture of ether, pentane, and ethanol at — 180° C is reproduced in 
Figure 1006 (Section 102) ( 95 ^). While the closed-ring structure protects 
the excited molecules of certain dyes against internal conversion, a 
similar protection is provided by the fixation of the excited molecules 
on a rigid support. Apparently those intramolecular vibrations which 
favor the occurence of internal conversion are inhibited. When 
adsorbed on textile fibers many of the “nonfluorescent"’ azo dyes are 
also fluorescent. The anthrene dyes which have been mentioned as 
being fluorescent in xylene and tetralin solutions (Section 129) consist 
exclusively of fused benzene rings. 

* Hydroquinonephthalein is an isomer of fluorescein. However, it does not 
form colored ions in alkaline solutions and is never fluorescent, probably always 
retaining its lactoid structure. 
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Table 83 

Absorption and Fluorescence Bands 
OF Dyes in Aqueous or Alcoholic Solutions 


(Approximate limits of bands in A; peaks of bands in parentheses) 


Compound 

First absorption 

FI uorescence. 

band 

band 

1 color 

Fliioran 

U.V. 

2900-4600 

(3200) 

1 violet 

strong 

Fluorescein 

4400-5200 

5100-5900 

yellow-green 

(Dihydroxyfluoran) 

(4940) 

(5180) 

very strong 

Eosin 

4500-5600 

5200-6000 

yellow 

(Tetrabromofluorescein) 

(5170) 

(5400) 

strong 

Erythrosin 

4600-5560 

5180-5880 

yellow 

(Tetraiodofiuorescein ) 

(5165) 

(5375) 

weak 

Rose ben gale 

(5438) 

5500-6700 

orange 

(Tetraiodo-tetrachloro- 

lluorescein) 


(6000) 

very weak 

Rhodamine B extra 

4800-6000 

5500-7000 

red 


(5500) 

(6050) 

strong 

Rliodamine 6 0 

4800-5900 

5360-6020 

yellow 


(5260) 

(5550) 

strong 

Acridine red 

4550-6000 

5600^6800 

orange 

medium 

Pyronine B 

5400-5900 

5600-6500 

orange 

medium 

Acridine 

3000-4500 

4000-4800 

blue-violet 

medium 

Acridine yellow 

U.V. -5200 

4750-6400 

green 

Euchrysine 

U.V. -5400 

5050-6700 

(5850) 

greenish- 

yellow, 

medium 

Rheonine A 

U.V.-5100 

4700-6500 

green 

weak 

Acriflavine 

(Trypaflavine) 

U.V.-5000 

4850-6600 

yellowish- 
green , 
strong 

Magdala red 

4000-6000 

(5240) 

5500-7000 

(6000) 

red strong 

Safranine 

(5390) 


yellow-red 

Thionine 

4800-6300 

(5800) 


orange 

medium 

Methylene blue 

5500-7000 

6500-7000 

red 


(6580) 


j medium 



424 


FLUORESCENCE OF ORGANIC COMPOUNDS 


It has been pointed out in Section 115 that cyanine dyes in 
aqueous solution are fluorescent only when they polymerize at high 
concentrations. Quinoline red has nearly the same structure as isocy- 
anine, but with a carbon atom linking the nitrogen atoms of the two 
pyridine rings and thus forming a central ring; this dye exhibits a 
strong orange-red fluorescence in alcoholic solution (yj^) . 

There are, however, polymethine dyes which are closely related to 
the cyanine dyes and which have been mentioned in Section 102 as 
being fluorescent in liquid solutions, although they consist of two 
thiazole rings which are connected by an open vinyl chain. The fluo- 
rescence of other polyenes will be treated in Section 134. Several 
thiazole dyes, such as primuline, in which benzothiazole systems are 
linked in a chain by single bonds, are among the most brilliantly 
fluorescent dyes, when they are dissolved in acetone. On the other 
hand, rhodamines which contain a phenyl ring in a side chain are not 
fluorescent, according to a remark in Feigl's Spot Tests, 

Table 83 lists a few typical examples of the fluorescence and 
absorption bands of dyes in aqueous solution. In most cases the bands 
are not quite continuous but show a more or less pronounced structure, 
as can be seen in Table 88 (Section 137). 

133. Natural Dyes. A number of natural dyes are of special 
interest, not only because of their importance for biological processes, 
but also because of their optical properties. Their absorption and 
fluorescence spectra consist of sequences of relatively narrow bands 
and their first absorption bands coincide very nearly with the first 
fluorescence bands : these reversible bands correspond, apparently, to 
0"-*0' transitions. They are always located in the region of long 
wavelengths and the following emission bands frequently reach up to 
the infrared. Most of the dyes under consideration are derivaties of 
porphine in which four pyrrole rings are linked by carbons to form a 
large ring. 



Porphyrins (etio-, hemato-, copro-, deuteroporphyrin, etc.) are 
porphines in which the hydrogen atoms of the pyrrole rings are 
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substituted by various aliphatic groups (CH3, COOH, C3H7, etc.); for 
instance, etioporphyrin is tetramethyltetraethylporphine. The 
spectrum of porphine itself already shows the principal features of the 
porphyrin spectra; all porphyrins have very similar spectra (Figure 
139), those of stereo-isomers being practically indistinguishable. The 
influence of the nature of the solvent on the appearance of the spectra 
is also relatively unimportant as long as the is not greatly altered. 
In neutral and alkaline solutions, on the one hand, and in acidified 


7 500 
7000 
6500 

6000 


5500 



Fig. 1 39. Absorption and fluorescence bands of coproporphyrin 
dissolved in ])yridine with increasing times of exposure (Dh6re). 

solution, on the other, es.sentially different types of spectra prevail. 
The second type apparently belongs to a positive ion. Even the color 
of the fluorescence is different in the two cases: it is red in the neutral 
and yellow in the acid solutions. The luminescence can be observed at 
concentrations of 5- 10“^ molar {C, 2 g 8 , 58 ^). 

Table 84 lists the first absorption band and the strongest fluo- 
rescence bands only. With greater resolving power of the spectrograph 
and longer times of exposure, a number of weaker maxima reaching 

Table 84 

.Absorption and L'luorescenck Bands of Porphyrins in Solution 
(Peak of bands in A) 


Cduipouiul 

Solvent 

First 

absorp- 

tion 

bainl 

I'luorc'scrnci' batjrls 

Porphine 

Dioxane 

0130 

(5910) 0165 (0444) 0570 0095 0840 

Etioporphyrin. 

Pyridine 

0180 

0205 (0370) 0505 6725 0885 

Hemato- 
porphyrin . . 

Pyridine 


047 0540 0730 0910 

Etioporphyrin. 

HCl 2N 

5895 

5935 6160 (6320) 6510 

Copro- 
porphyrin . . 

HCl 2N 


5950 0180 (6370) 6520 


Fringshcini IS’*' 
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farther towards shorter and greater wavelengths can be obtained. 
Thus, Dhcre observed fifteen narrow bands between 5400 and 7700A 
in the fluorescence spectrum of etioporphyrin dissolved in pyridine, 
and he also found a few weak emission bands in the far red (6850, 
7280, and 7930A) in the spectrum of acidified solutions ( 4 ,ijo, 28 g, 2 gi, 

It has been suggested tliat the whole series of absorption and 
emission bands can be represented by the superposition of six inde- 
pendent vibrational frequencies on a single electronic transition. 
Since most of the hypothetical vibrational frequencies occur only once 
in every spectrum, this interpretation is not quite certain. 

As in the case of most dye solutions the emission spectra are 
independent of the wavelength of the exciting light; the most effective 
excitation is produced by irradiation with light of wavelengths corre- 
sponding to an absorption band of great intensity in the near u.v., 
with its peak near 4000A. 

Porphyrins are able to form complex salts with numerous metals. 
The complexes containing sodium, potassium, magnesium, cadmium, 
zinc, or lead are fluorescent in neutral solutions, their spectra being 
displaced somewhat toward shorter wavelengths and showing less 
structure than those of the porphyrins themselves. The zinc salt of 
hematoporphyrin has its main emission band at 5785A and a secondary 
maximum at 6280A; the orange-colored fluorescence of the sodium 
complex of etioporphyrin has two diffuse maxima at 5970 and 6470A, 
and the only fluorescence band of the magnesium complex of dimethyl - 
mesoporphyrin lies at 5800A. Salts in which silver, copper, or the 
metals of the iron group are incorporated in a porphyrin are not 
fluorescent. One of these is the red-blood dye, hematin: it is the iron- 
complex salt of hematoporphyrin 299,584). 

Porphins in which the double bond between the j8-carbons in 
one of the pyrrole rings is reduced frequently are called chlorins. A 
strong red fluorescence has been mentioned as being characteristic of 
the zinc complex of tetraphenylchlorin dissolved in benzene. The 
copper complex of the same compound is not fluorescent. In contra- 
diction to the general rule that the heavy metal complex salts of dyes 
of this type cannot be excited to fluorescence, Albers and Knorr ob- 
served the emission of a fluorescence band with peak at 6550A by 
solutions in anhydrous benzene of the Ag, Ni, and FeCl complexes of 
tetraphenylporphin under an atmosphere of N 2 and of similar fluo- 
rescence bands by solutions of Ag- and Ni-complex salts of tetra- 
(3'4'-methylenehydroxyphenyl)porphin. However, whereas the zinc 
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complex exhibited a relatively strong fluorescence with a characteristic 
spectrum of its own, the fluorescence of the heavy metal complexes 
was very weak and the spectra were not clearly distinguishable from 
the spectra of the mctal-free mother compounds, so that a slight 
admixture of the latter may have caused the fluorescence. If this 
interpretation is not admissible, and if the absence of traces of oxygen 
is an essential condition for the appearence of the fluorescence, one 
would have to assume that the fluorescence of the heavy metal com- 
plexes is exceedingly sensitive to the quenching action of oxygen and 
that this fact had escaped other investigators {6jgya,h,y8gaj^68). 

Several natural dyes occurring in plants or in animal organs, such 
as bonnelline, phylloerythrine, phycocrythrine, and phycocyanine, 
are structurally related to the porphyrins and have similar fluorescence 
spectra (286 -28S, 2g6). By far the most imjx)rtant of these, however, is 
chlorophyll. It is the magnesium-complex salt of a }X)rphyrin in which 
one side chain is a group CHa-CHg-COO™, ending in the phytyl chain 
('aoHag- Moreover, a fifth ring is < < <t < 

formed by a -CHa~CO-bridge which <<< < 5 S 5 S 

connects a carbon atom of one of 

the pyrrole rings with the adjacent ^ ^ * 

single carbon atom (replacing an R 
and an H in the porphine formula). 

Apparently due to this latter sub- 
stitution, the absorption and fluo- 
rescence bands are displaced by 
almost lOOOA in the direction of 
greater wavelengths and the color 
of the dye is converted from red to 
green. Chlorophyll exists in two 
modifications, chlorophyll a and b, 
which occur simultaneously in al- 
most all green plants and are diffi- f 

cult to separate ; the best method pjg ^ 40. Absorption and fluores- 
for the isolation of chlorophyll b is cence bands of chlorophyll 
selective adsorption. The two modi- (Dh6re). 

fications differ only by the fact that ^ reversible band 6678A 
r 1.1 1-11 • ot chlorophyll a and b. 2: the 

a CH3-group of chlorophyll a is complete fluorescence spectrum 

replaced by a CHO-group in chloro- of chlorophyll a and 6. 3 : fluo- 

phyll b; their spectra are also very rescence of a leaf with two 

. .. , . times of exposure. 

Similar, as shown in Table 85 . In 

living plants the bands become somewhat more diffuse, which is 



Fig. 1 40 . Absorption and fluores- 
cence bands of chlorophyll 
(Dh6re). 

1 : the reversible band 6678 A 
of chlorophyll a and b. 2: the 
complete fluorescence spectrum 
of chlorophyll a and 6. 3 : fluo- 
rescence of a leaf with two 
times of exposure. 
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Table 85 


Fluorescence and Absorption Bands of Chlorophyll 
IN Ether Solution 
(Band peaks in A) 




First 

absorption 

band 

Flnon sceiioi' bands 

Chlorophyll a . . . 


(UiOf) 

(Wisr) 

73(>0 

8010 

Chloroph}^! b . . , 
Living plants . . , 


(>115 

()4()2 

(>850 

7130 

7100 

7890 

8120 


caused, at least, in part, by the superposition of the spectra of chloro- 
phyll a and b (Figure 140) {s, 284 , 2^1 

Chlorophyll and the porphyrins are not fluorescent as colloidal 
suspensions in water. They are strongly fluorescent, however, when 
adsorbed on gels, such as gelatin, protein, starch, etc., or on other 
solid adsorbents. Thus, the red fluorescence of eggshells is caused by 
adsorbed protoporpliyrin : the fluorescence spectrum is identical with 
that of protoporphyrin adsorbed on filter paper. The fluorescence of 
pure crystalline porphyrins is at least doubtful. On the other hand, the 
bile dyes urobilin and bilirubin show an ai.>preciable red fluorescence in 
the crystalline state, while their ability to fluoresce in alcoholic 
solutions has been questioned. A very intensive green fluorcvscence can 
be excited, however, in alcoholic .solutions of the zinc-complex salts 
of these dyes. The emission spectrum of the urobilin-zinc salt consists 
of a strong band at 5200A, determining the color of the fluorescence, 
and three weaker bands extending to 6400A. The mercury-complex 
salts of the dyes show a behavior similar to that of the zinc salts ( 297 ). 

The fluorescence of several natural dyes of another type is 
interesting rather because of their usefulness for quantitative fluo- 
rescence analysis than for theoretical reasons. Vitamin Bg or ribo- 
flavin in aqueous solution is characterized by a bright yellow-green 
fluorescence (5000-6000A, peak at 5620A). Vitamin B^ itself is not 
fluorescent, but can be oxidized into thiochrome, which emits a strong 
blue fluorescence. Riboflavin and thiochrome belong to the class of 
dyes which consist of three fused closed rings, while in the colorless and 
nonfluorescent vitamin B^, two rings are connected by an open bridge. 
Vitamin A can be regarded as obtained by splitting jS-carotene in two 
halves. The bluish fluorescence of the vitamin as well as of carotene 
dissolved in fatty solvents is not very strong; nevertheless, it has been 
used for vitamin analysis. Most of these dyes are not light-fast : the 
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fluorescence of vitamin A and of the carotenes fades rapidly under the 
action of the exciting light. By continuous illumination, riboflavin, 
which is derived from alloxazine (dimethyltetrahydroxypentyl- 
alloxazine), is converted into lumiflavine (trimethylisoalloxazine) or 
lumichrome (dimethylalloxazine) and, simultaneously, the yellow- 
green color of the fluorescence changes into sky blue (7x9-722,72^, 
843,844,84^,1522). 

Although the fluorescence of other vitamins, of hormones, and of 
ferments has been described, the results obtained so far are not of a 
nature to be used either for theoretical discussion or for practical 
application. The same is true with respect to the fluorescence of many 
plant extracts, and, to an even higher degree, to the fluorescence of 
almost every part of animal bodies: skin, tissues, fats, teeth, etc. Only 
in relatively rare instances can this fluorescence be explained by the 
presence of one of the dyes mentioned in this section ; in other cases, it 
may be due to some unknown compound dissolved in the substance or 
it may also be an intrinsic property of the substance itself. 

According to Tiede, the fluorescence of teeth is due to their content 
of collagen. If tricalcium phosphate is activated with collagen and 
heated to 300° C, it is converted into an “organophosphor’' which, 
under black-light illumination, shows the same brilliant white fluo- 
rescence as natural teeth ; the spectrum of the luminescence extends 
from the violet to the red with an intensity maximum between 4600 
and 5600A. A similar luminescence is produced by other organic 
compounds dissolved in calcium phosphate [4g8,i66y). 

D. Polyenes. Aliphatic Compounds 

134. Aromatic and Aliphatic Polyenes. The fluorescence of stilbene 
has been mentioned in Section 125. It is obvious that the two benzene 
rings play an important part in determining the optical properties of 
this compound. However, in diphenylpolyenes of the type C6H5-(CH =» 
CH)^-CeH5, of which stilbene is the first (with n — \), the absorption 
spectrum is, in principle, a function of the length of the vinylene 
chain ; with increasing number of the double bonds in this chain the 
first absorption band is shifted in the direction of greater wavelengths, 
while the shape of the absorption band remains practically unaltered. 
The influence of the phenyl rings becomes relatively small under these 
conditions : the purely aliphatic polyene dodecapentaenoic acid, with 
five (CH = CH) groups, has very nearly the same absorption spectrum 
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as diphenylhexatriene, the three ethylene groups of which are inserted 
between two benzene rings. The two compounds have, also, similar 
fluorescence spectra, although the intensity of the fluorescence of the 
diphenylpolyene seems to be greater. Lycopene, the simplest carot- 
enoid, is an isomer of carotene (C 4 OH 50 ), but without the typical ionone 
rings terminating the long chain of conjugated double bonds; the 
frequency differences occurring in its fluorescence spectrum are nearly 
the same as those in the spectra of the diphenylpolyenes. The orange- 
colored photoluminescence of another purely aliphatic polyene, de- 
capentene-lO-dicarbonic acid dimethyl ester, in the crystalline vState 
is weak, but dilute solutions of this compound exhibit a brilliant 
greenish fluorescence (^8y,S4^,g2ya). 

Wdiile the merocyanine dyes are fluorescent in liquid solutions 
(Section 102), the isocyanine dyes, which are polyenes of a very similar 
structure, are not fluorescent when they are dissolved in alcohol, in 
pyridine, or in water at low concentration (compare Section 115). The 
fluorescent and the nonfluorescent polyenes differ by two qualities 
which are not unrelated. The number of carbon atoms in the vinylene 
chains is even in the first, and odd in the second class; the first class 
consists of neutral molecules, while tlie molecules of the second class 
are salts dissociating into ions in solution. They are represented by 
formulas of the type A-(CH - CH)„-A' andB+ - CH-(CH - CH), 
respectively : the second type has tw^o extreme resonance structures 
of equal energy for B — B' and of nearly equal energy for B B', 
while in the molecules of the first class a similar resonance structure 
can be effectuated only by the separation of electric charges, requiring 
considerable energ}^ It is not possible to construe any connection 
between these characteristic projATties of the two kinds of polyenes 
and the probability of internal conversion by which the fluorescence 
is suppressed. 

The fluorescence spectra ot the aliphatic and the diphenyl 
polyenes dissolved in xylene consist of a broad band with three to five 
rather diffuse maxima ; the luminescence spectra of tlie solid crystalline 
compounds are similar, but displaced towards greater wavelengths 
(Table 86). The maxima in the spectra of all compounds in the solid 
state and in solution are equidistant, with* nearly the same constant 
spacing Av = 1430 cm^k While the wavelengths of the emission bands 
increase with increasing length of the vinylene chain, the fluorescence 
yield becomes smaller ; no fluorescence is obtained in alcoholic solutions 
for n > 7 and in the solid crystals for n > 4 ( 557 ). 

At the temperature of liquid air, the individual maxima become 
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Table 86 

Fluorescence of Diphenylpolyenes 


* n •-=« 

1 

2 

3 

4 

5 

6 

7 

1 D* 

Color of 

white 

yellow- 

yellow- 

yellow 

orange 

brown- 

copper 



crystal 


white 

green 



red 



Fluorescence 

blue- 

sky 

yellow- 

orange 

— 

— 

— 

— 

of crystal 

violet 

blue 

green 

(weak) 





Fluorescence 

violet 

blue- 

sky 

yellow- 

yellow 

orange 

red 

green 

in alcohol 


violet 

blue 

green 





Q 

r 3300- 

r 3600- 

r 5000- 





r4300- 

A 

1 4300 

\ 4800 

\ 7000 

very weaK 

1 



o 

o 


29730 

27250 

24900 
1 

22135 

19870 





* D is dodecapcntacnoic acid. 


sharper and some of them split into several components. According 
to Plausser and Kuhn, all spectra observed at low temperature can be 
represented by the equation: 

V ^ I'o — ISSOt;/' — 1 160?;/ (82) 

with r/ = 0, 1, 2, 3, 4 and 2, while V(^ has different values 

for each compound, as shown in the last row of Table 86. The fre- 
quency 1 550 cm“^ is supposed to correspond to the Raman frequency 
of the C = C-bond at 1600 cm“^, while no known oscillation could be 
identified with the second frequency 1 160 cm“^. If this representation 
is correct, the spacing observed at room temperature, equal to 1430 
cm'~^, would only be fortuitous and would be caused by the super- 
position of the two other oscillations. 

The structure of the absorption bands of the diphenylpolyenes 
is analogous to that of the emission bands with the same spacings, so 
that the characteristic intramolecular oscillations must have practically 
the same frequencies in the electronic ground state and the excited 
state. Absorption and emission bands overlap, however, only in the 
case of stilbene (see Plgure 134x\ and B, Section 125); in the other 
spectra the gap between the two systems increases from 1000 cm"^ for 
diphenylbutadibne (n — 2) to 4700 cm~^ for dodecahexaene {n — 6) 
(Figure 141). Thus, the first sub-bands in the absorption and the 
emission spectra cannot correspond to a 0 ''<-h^ 0' transition, as is 
assumed in Hausser’s and Kuhn’s equation. The apparent ‘'mirror 
symmetry” in the two band groups can be interpreted, nevertheless, 
by the hypothesis which has been developed in Section 102. However 
in this case the structure of the bands should be represented by the 
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superposition of different oscillations on the electronic frequency 
rather than by a “progression” involving several quantum states of 
one oscillation. This seems also to agree with Lewis' interpretation of 
the lycopene spectrum, which is closely related to the spectra of the 
polyenes { 92 yd). 

Furthermore, the wavelengths of the absorption bands depend on 
the nature of the solvents and on temperature to a much higher 
degree than the wavelengths of the fluorescence bands, which are 
relatively stable. The similar behavior of the merocyanine dyes has 



15000 20000 25000 30 000 cm’* 


Fig. 141. Fluorescence and ab- 
sorption bands of diphenyl- 
octatetraene (Kuhn and 
Hausser). 

1:20®C. 2;-180‘'C. 



Fig. 142. Absorption and 
fluorescence spectra of ali- 
phatic compounds dissolved 
in ethanol (Gclbke). Broken 
lines : absorption ; continuous 
lines: emission. 
a\ ac('tone. 6: biacctyl. 
c; ethylcne'cyjinide-mo- 
noxal-ethyl ester. 


already been described in Section 115 and has been explained there 
by assuming that the excited state is more sensitive to disturbances 
caused by the molecules of the solvent than the ground state. 

135. Various Aliphatic Compounds. Although the example of 
dodecapentaenoic acid and similar polyenes, such as isomethyl bixin, 
prove by their characteristic polyene spectra that purely aliphatic 
compounds can be fluorescent in a condensed state, there are relatively 
few cases in which such fluorescence has been ascertained to belong to 
the compound under consideration and not to some iifipurity. Gelbke 
lists thirty-four aliphatic ketones, among them cyclohexanone and 
some other ring systems, as being fluorescent in alcoholic solutions. 
The fluorescence bands are situated in the blue-violet and the green 
without any obvious connection between the wavelength of the 
emission band and the constitution of the compound. Gelbke 's data 
may be treated, however, with some caution : the exact coincidence of 
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the absorption and fluorescence bands which he found, and of which 
three examples are reproduced in Figure 142, was in agreement with 
a theory proffered by J. Stark at the time when the experiments were 
performed, but seems at present to be very improbable. The fluo- 
rescence of biacetyl, which has its intensity maximum in the extreme 
violet in Figure 142, is blue-green like that of the vapor, according to 
more recent observations. In a freshly prepared aqueous solution of 
biacetyl the fluorevScence is very weak and its intensity increases with 
time, because the oxygen content of the solution is used up by a 
photochemical reaction, exactly as in biacetyl vapor (Section 87). On 
the other hand, the fluorescence band of acetone indicated in Gelbke’s 
diagram might correspond to the violet fluorescence which has been 
ascribed to acetone in the vapor state (.^76,706). 

If pure acetone or acetone in alcoholic solution is solidifiefd at 
— 193° C, its blue fluorescence band between 4000 and 5000A (with 
peak at 4556 A) shows no structure; similar fluorescence bands with 
peaks at 4675 and 4707A, respectively, are obtained under the same 
conditions with methyl ketone and diethyl ketone. In all three c'ases 
the luminescence exhibits an afterglow of the order of 10~^ sec, and 
the emission spectrum is separated from the excitation spectrum by 
a wide gap. Therefore, the luminescence must be ascribed to processes 
similar to the process occurring in biacetyl (see Section 87): a non- 
radiating transition from the directly excited state to a metastable 
state and a radiating forbidden transition from the latter to the ground 
state (724b). 

In dioxane a strong visible fluorescence is produced by irradiation 
with light of wavelengths below 3000A. The continuous emission 
band reaches from the region of the exciting radiation to tlie red, if the 
temperature is 12° C; at 20° C it becomes shorter at both ends and 
shows two maxima at 4500 and 5800A ; and at 50° C the red part of the 
fluorescence disappears, only a relatively narrow band between 4000 
and 5000A remaining \dsible. A similar dependence on temperature 
has been observed with respect to a blue-violet fluorescence which is 
excited in cyclohexane by the u.v. radiation from a quartz-mercury 
lamp; but while the fluorescence and absorption of dioxane remain 
constant over a long period of irradiation, the fluorescence of cyclo- 
hexane does not appear at all if the content of the observation chamber 
is continuously renewed, so that no products of photochemical re- 
actions can accumulate in the liquid. Furthermore, the fluorescence is 
also excited by near-u.v. light if the liquid has been irradiated pre- 
viously for some time with short-wavelength u.v. Obviously this 
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fluorescence is not emitted by the molecules of cyclohexane itself but 
by the molecules of a compound produced by the photodecomposition 
of cyclohexane. Another fluorescence band stretching from 2650 to 
3340A, which is excited by light of wavelengths below 2600A and 
apparently is characteristic of cyclohexane itself, does not show this 
behavior: its intensity remains constant through a protracted period 
of irradiation, but the liquid is slowly photolyzed by the u.v. light and, 
after some time, a solid deposit is precipitated (559, 6-^ I04jji8y), 

Thus, the fluorescence of an organic condensed system may not 
only be due to traces of an unknown impurity, but a fluorescent 
impurity can be produced by the exciting light itself in a pure medium 
with no visible fluorescence of its own. Vavilov and Tummermann 
observed a weak blue-violet fluorescence in practically every organic 
liquid, such as methanol, ethanol, glycerol, ether, and carbon tetra- 
chloride, when they were illuminated with “black light.” This fluo- 
rescence is quenched by heating the liquid to about 50'' C, but re- 
appears after cooling; it is weakened by repeated distillation in vacuo, 
but the authors in no instance succeeded in suppressing it completely. 
They ascribe it to an impurity which must be present in all liquids, 
possibly oxygen or carbon dioxide. Since the absorption coeflicient of 
most of the compounds imder consideration is exceedingly small in the 
near u.v., the production of a fluorescent impurity by the primary light 
is very improbable in these liquids (igg,200,iy68). 

According to Terenin, the bluish fluorescence of many hydro- 
carbons that were exposed for long periods of time to atmospheric air 
is due to products of autooxidation, a small fraction of the molecules 
being converted into aldehydes, ketones, etc. Thus, carefully purified, 
freshly prepared ethanol, as well as solid paraffin, does not show any 
visible fluorescence under u.v. excitation. The appearence of the blue 
fluorescence and of corresponding u.v. absorption bands is supposed, 
to be due to the formation of carbonyl groups (1640b). 

E. Afterglow of Organic Compounds in Solid Solutions 

136. Phosphorescence and Slow Fluorescence. It has been stated 
in previous sections that when organic compounds are dissolved in 
solid solvents or adsorbed on gels, the same bands which appear in the 
fluorescence spectrum are’emitted as phosphorescence after the end of 
the excitation {1835).* However, other bands of greater wavelength 

♦ Conct ming the weak phosphorescence of some dyes in liquid solutions 
compare Si ction 98. 
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which have no, or very small, intensity in the fluorescence spectrum 
frequently prevail in the afterglow (Section 98). The appearance of 
such new bands has been observed under a great variety of conditions : 
in alcoholic solutions of benzene derivatives at low temperature 
(Kowalski’s “progressive phosphorescence”), in solid solutions of the 
same compounds in boric acid at room temperature (Tiede’s “boric 
acid phosphors”), in dyes dissolved in solids and adsorbed on gels at 
low temperatures, etc. 

A theoretical explanation of the coexistence of the two phenomena 
has been given by Jablonski in complete analogy to the energy-level 
scheme of the mercury atom mentioned in Section 98. Light absorption 
in the band NF is followed either immediately by emission of the 
fluorescence band FN (L'-band) or by a transition into the quasi- 
stable state M with an energy lower than that of F. From here the 
molecule can return to F after a time dejxmd(^nt on the available heat 
energy and subsequently emit the F'-band as phosphorescence, or it 
can return directly to the ground state by the very improbable tran- 
sition AIN, which is practically independent of temperature, and emit 
the slow fluorescence band (the M-band) (667). 

As a matter of fact, the two types of afterglow show the dis- 
tinguishing properties which characterize phosphorescence, on the one 
hand, and slow fluorescence, on the other, according to the deftnition 
given in Section 98. 

Both processes are excited by light of the same wavelength which 
is absorbed in the same absorption bands. However, since the wave- 
length and the polarization of the phosphorescence are the same as that 
of the normal fluorescence, both correspond to the same electronic 
transition F N and they both originate from the electronic level 
that is reached in the excitation process. The band of slow fluorescence 
has a greater wavelength and in general is unpolarized or negatively 
polarized; therefore, it must correspond to a different electronic 
transition, and if it is assumed that the final state is also the ground 
state in this case, it originates from a level M with an energy below 
that of F (2og,2io,i2^8). 

The intensity of the F'-band is strong during excitation, drops 
abruptly at the end of the excitation to a lower level, and then decays 
steadily from there on, following an exponential law. The intensity of 
the M-band is relatively very weak during the excitation and does not 
decrease appreciably at the beginning of the afterglow, which exhibits, 
also, an exponetial decay. 

The lifetime of the F-phosphorescence is greatly dependent on 



*436 


FLUORESCENCE OF ORGANIC COMPOUNDS 


temperature and increases uniformly when the temperature is lowered. 
Simultaneously, its intensity becomes smaller and below a certain 
temperature it is not observed at all. The lifetime of the M-band is 
very little influenced by the temperature : for trypaflavine adsorbed 
on silica gel, the mean lifetime r was found to be constant (=1.2 sec) 
between — 27 and — 190° C; Tomaschek obtained only very small 
changes in lifetime and intensity of the afterglowof boric acid phosphors 
between + 20 and — 185° C, and similar results are reported by G. N. 
Lewis with respect to the M-band of fluorescein in boric acid, even 
down to the temperature of boiling hydrogen ; Travnicek, who says 
that the afterglow of his “aluminum sulfate phosphors” (see Section 
137) lasted about twice as long when they were immersed in liquid air, 
observed at the same time a strong increase in intensity. It must be 
kept in mind that the connection between the duration of an afterglow 
and the temperature is unequivocal only if no other competing process 
is to be considered. If the efiiciency of such a competing process (for 
instance, internal conversion) becomes smaller at lower temperatures, 
an observed increase of r is no proof of a change in the probability of 
the corresponding electronic transition. At temperatures above 25° C, 
the intensity and duration of the phosphorescence and of the slow 
fluorescence of most compounds decrease rapidly; this is obviously 
due to the action of quenching processes, which also impair the normal 
fluorescence under these conditions (gsG, 1302 , 16 ^ 1 , 1705 ), 

If the luminescence of fluorescein dissolved in boric acid is excited 
at — 180° C, only the orange-colored M-band appears in the afterglow. 
If the temperature is raised rapidly, the blue-green F-band is emitted 
in a short outburst; the intensity of this flash is greater, the sooner 
the process occurs after the <nd of the excitation. The analogous 
phenomenon has been observed with the yellow-green F-band of 
fluorescein in gelatin and with the green F-band of tr^^paflavine 
adsorbed on silica gel in vacuo, but never with an Af-band ( 1302 , 
1691). 

Since any kind of afterglow is practically restricted to the solid 
state, solutions in solvents which are liquid at room temperature, such 
as alcohol and glycerol, are able to exhibit the phenomenon only at 
low temperatures, at which the normal phosphorescence, in general, 
is already “frozen in.” Therefore, the appearance of the Af-bands 
was at first supposed to be mainly an effect of temperature. It has been 
shown however that the slow fluorescence bands of certain compounds 
such as phenanthrene which could be obtained in alcohol only at 
temperatures below — 158° C, where the liquid solidifies into a hard 
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glass,* were observed in undercooled glycerol at temperatures up to 
— 60° C, in crystallized glycerol — which melts at -f 10° C — even 
above the freezing point of water, and in boric acid at room tempera- 
ture (5/5).** 

The laws forbidding the transition from M to N must impede also 
the radiationless transition from F to Af, irrespective of the specific 
nature of these laws. On the other hand, the transition from F to M 
must occur with a much (at least several thousand times) higher 
probability than the transition from M to N, because under strong 
irradiation the population of M can exceed 80 % of the total number 
of the molecules which can be excited while the population of F is 
inappreciably small even under the strongest illumination. If the 
state M is quasi-stable, according to the Franck-Condon principle, 
because of the distortion of the intramolecular configuration, the tran- 
sition from F to M can occur only between highly vibrating levels at 
which the nondistorted molecule and the distorted molecule attain 
equal configurations. The same holds if M is metastable because of an 
electronic selection rule such as the rule forbidding a singlet-triplet 
transition. Apart from the fact that the Franck-Condon principle must 
be obeyed also in this case, the energies of the two combining states 
must be exactly the same so that by interference their wave functions 
are mixed to a considerable degree [ 424 , g^o). 

The occurrence of internal conversion in the transition process 
from F to M follows (without the introduction of any theoretical 
assumption) from the large energy gap separating the two states 
which, in general, exceeds 0.5 eV. Either the excited molecule must 
pass from a relatively low vibrational level of state F directly into a 
level of much higher vibrational quantum number of state M; or the 
entire electronic energy of state F is converted into vibrational energy 
of the ground state N, and when after partial energy dissipation a 
certain level is reached which corresponds exactly to a vibrational 
level of Af, the molecule passes into the latter, thus reconverting a 
large part of the vibrational energy to electronic energy. 

Linschitz has shown recently f that the ratio between the inten- 
sities of phosphorescence and fluorescence of dyes (fluorescein in boric 
acid) and hydrocarbons (a-naphthylamine in frozen alcohol-ether- 
isopentane) depends on the wavelength of the exciting light. The 

♦ At this temperature the specific heat of alcohol undergoes a discontinuous 
change, thus proving a change in the structure of the substance. 

Pringsheim, Hh. d. Phys., 231, 259 (1932) ( 1285 a). 

t Prepared for publication in /. Chem. Phys. 

Pringsheim 16 
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ratio decreases with increasing wavelength of the primary radiation 
and becomes appreciably smaller when the latter corresponds to the 
long wavelength tail of the first absorption band. This proves that 
the transition from higher vibrational levels of the state F to M has 
a greater probability than the transition from the vibrationless level 
of state F, 

It is to be expected that in such processes an appreciable fraction 
of the molecules converts the vibrational energy completely to heat 
and therefore quenching by internal conversion competes with the 
excitation of phosphorescence, while, on the other hand, a certain 
amount of internal conversion must occur in order to provide the 
possibility of transitions from F to M. This may explain the fact 
that dyes with low fluorescence efficiency frequently exhibit a rela- 
tively strong phosphorescence and are the best photosensitizing 
compounds. In order to emit phosphorescence, the molecules must 
return from Af to JF by one of the two ways described above, and a 
renewed possibility of converting the entire energy to heat is provided 
if the molecule passes through the high vibrational levels of N in 
this process. 

Since the lifetime of the slow fluorescence is independent of 
temperature, the transition from M to N requires no heat of activa- 
tion. This is the fundamental characteristic of slow fluorescence in 
contradistinction to phosphorescence. If M is quasi-stable because its 
nuclear configuration is impossible in the electronic ground state of the 
molecule, the molecule in state M must be able occasionally to attain 
a configuration from which a transition to the ground state is allowed, 
and to do this without intake of energy even at the lowest tempera- 
tures. Because of the existence of zero-point energy, the location of 
the individual atoms in a molecule is not sharply defined even at 0° K ; 
the nuclei fluctuate around their positions of equilibrium, performing 
a slow Lissajous motion and it may take a long time before a certain 
favorable configuration is reached. It seems plausible that the con- 
figurational fluctuations are practically independent of temperature, 
because most vibrational frequencies are at their zero level at tem- 
peratures below room temperature. This is true especially for the 
vibrations of relatively high frequencies which are characteristic of 
CH-bonds and of double bonds. 

Probability of a radiating transition which is “forbidden'' by am 
electronic selection rule is (to first approximation) always independent 
of temperature. According to G. N. Lewis, all molecules with double 
bonds in their normal cbnfiguration have excited states in which 
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one of the double bonds is broken and which, therefore, are biradicals 
with one pair of electrons having parallel spins. While the ground 
state of such a molecule is a singlet state, the excited state is a 
triplet state. The M-states are supposed to be such triplet states and 
the selection rule forbidding intercombination transitions is assumed 
to be the cause of their metastability. While the law of conservation of 
spin momentum is one of the few electronic selection rules which do 
not break down under the action of strong external fields and hold, 
therefore, even in condensed media, it is highly improbable that under 
such conditions this law can provide lifetimes of seconds. It is not 
impossible, however, that another cause impeding the transition from 
M to N may be superimposed on the intercombination principle and 
this may again be the Franck-Condon principle or, in special cases, a 
second electronic selection rule. [For instance, in highly symmetrical 
molecules, such as benzene, certain transitions are “forbidden” 
because without the simultaneous excitation of an antisymmetrical 
vibration the electronic transition would not produce a change in the 
electric moment of the molecule {g 2 ya,g 2 yh,i$og,i 545 )] . 

Since all organic molecules containing a double bond should be 
able to form triplet states, Lewis and his school expect that phosphor- 
escence and slow fluorescence should be observed under adequate 
conditions with all compounds of this class. This presupposes that in 
no case a competing process of higher probability suppresses the 
emission of light, an assumption which may not always be correct. 
However, the number of compounds in which slow fluorescence has 
actually been observed and which includes not only aromatic but also 
aliphatic compounds is very large indeed, as will be discussed in a 
later section. 

Lewis supports his theory by numerous calculations showing 
that the probable energies of the quasi-stable states agree well with 
values which can be derived from various considerations concerning 
the energy differences between the singlet and triplet states of the 
compounds. In the case of fluorescein the fact that the state M is 
really a triplet state has been proved by a direct method. If fluorescein 
dissolved in boric acid is irradiated with blue light of great intensity 
so that a considerable part of the dye molecules is transferred in to the 
state M (compare Section 104), the material becomes paramagnetic; 
thus, the electrons must have acquired a spin momentum greater 
than zero and- probably equal to 1, corresponding to a triplet state 

Two methods have been used for the determination of the energy 
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difference between the states F and M. The results of the two methods 
do not always agree and this seems to show that in certain instances 
Jablonski’s encrg^^-level scheme is oversimplified. 

The phosphorescence of trypaflavine adsorbed on silica gel in 
vacuo ceases to be visible at temperatures below — 70^ C, while, on 
the other hand, the slow fluorescence has an appreciable intensity 
up to room temperature. The logarithm of the duration of the phos- 
phorescence and the reciprocal of 
the absolute temperature are con- 
nected by a linear relation (Figure 
143a) { 1302 ). 

Lewis obtained analogous re- 
sults with fluorescein dissolved in 
boric acid. In this case the slow 
fluorescence band was still relatively 
strong in the afterglow at room 
temperature, whereas the blue-green 
phosphorescence band already vanis- 
hed slightly below — 30° C. From 
the linear relation between log r 
and l/T (Figure 143^), Lewis cal- 
culated the “heat of activation” 
corresponding to the transition 
M F to be 8.2 kcal per mole “ 
0.36 eV. This was in satisfactory 
agreement with the energy derived, 
from the difference between the 
frequencies of the F- and M-bands, 
which amounted to 0.4 eV = 9.2 
kcal per mole ( 930 ) * 

However, if the heat of activation is calculated in the same way, 

* Lewis uses a different nomenclature. Although he accepts Jablonski's 
theory as valid, he does not differentiate between phosphorescence and slow 
fluorescence, but designates either process as phosphorescence and characterizes 
them in a noncommittal way as a- and /5-processes. Accordingly, Jablonski’s 
FN- and MA^-bands are called a- and /5-bands. Whereas the preference for this 
terminology is, to a certain degree, a matter of taste, the definition of phos- 
phorescence as a luminescence involving a triplet-singlet transition is inad- 
missible. On the one hand, the mercury resonance radiation is not a phosphor- 
escence, and, on the other, the term “phosphorescence" had been applied to 
the luminescence of crystal phosphors long before the afterglow of solid dye 
solutions was discovered; it would be premature, at the least, to say that the 
trapped electron in a zinc sulfide phosphor can be identified with triplet states. 
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Fig. 143. Lifetime of phosphor- 
escence of dyes as a function of 
temperature ; (a) Pringsheim and 
Vogels; {b) Lewis, Lipkin and 
Magel. 

a : trypaflavine on silica gel, 
b: fluorescein in boric acid. 
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according to curve a in Figure 143 for the M F transition in the 
trypaflavine molecule, it is found to be only 1,7 kcal, far below the 
value given in Table 87, which lists the energy differences between the 
F- and Af-states derived from the wavelengths of the F- and M-bands. 
This method of calculating the electronic energies of the two excited 
states is no more than a very rough approximation from which exact 
quantitative conclusions cannot be drawn. The Stokes displacement 
between the F-band and the first absorption band proves that, in 
general, the former does not correspond to a transition ending at the 
vibrationless level of the ground state and that this level may lie 
appreciably lower. The same probably is true even to a higher degree 
for the Af-band, if the nuclear configuration of the quasi-stable state 
differs widely from that of the vibrationless ground state. 

The frequency corresponding to the center of symmetry between 
the first absorption band and the F'-band would provide a more 
accurate evaluation of the energy of the F-state. For the Af-state the 
analogous data are not, in general, available. Absorption bands of dye 
solutions corresponding to the transition from the ground state to M 
were never observed and the same is true for most aromatic hydro- 
carbons; this must be expected for all compounds the Af-states of 
which have lifetimes of the order of a second. Bands can appear (even 
with weak intensities) in the absorption spectra only if the corre- 
sponding transition probabilities are not too small; therefore, the 
lifetime of the excited state must be short and an afterglow can be 
observed only with a phosphoroscope of high resolving power. 

Lewis and Kasha ascribed certain rather weak, long-wavelength 
bands in the absorption spectra of various nitroso compounds to 
A^Af-transitions which, in their terminology, are called singlet-triplet 
transitions. None of these compounds has been proved to be lumi- 
nescent, with the single exception of diisopropylbromonitrosome thane, 
which emits a weak fluorescence with an intensity maximum at 7350A. 
But in this case and in the somwhat similar case of thiobenzophenone, 
it has not been shown experimentally that the luminescence exhibits 
an appreciable afterglow. The emission band of thiobenzophenone, 
with three peaks at 7250, 8000, and 9100A, has a structure very 
similar to tjiat of the corresponding absorption band which reaches 
from 6670 to 5000A (927a). 

In the absorption spectra of benzene and />-dichlorobenzene, 
exceedingly weak bands have been found in the spectral region above 
3000A. In the benzene spectrum the first of these bands at 3400A 
coincides very nearly with the slow fluorescence band of shortest 
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wavelength listed in Table 89. The absorption bands between 3400 and 
3 100 A were ascribed by Sklar to a forbidden singlet-triplet transition; 
they are several million times weaker than the bands at 2600A, which 
are also forbidden and are still a thousand times weaker than the 
allowed band at 1800A (-r509). 

While 'these singlet-triplet absorption bands are superimposed 
on the tails of much stronger bands of shorter wavelengths and appear 
‘only as slight fluctuations on a steeply rising photometer curve, the 
singlet-triplet absorption bands and the singlet-singlet absorption 
bands [NM- and AF-bands, respectively) of biacetyl coincide exactly, 
according to Lewis’ and Kasha’s interpretation. In Figure 88a the 
shaded area is supposed to correspond to the AM-band and the area 
below the broken line to the AF-band. The broken line is drawn so 
that the shaded area represents a transition probability equivalent to 
a lifetime of 10“^ sec. Notwithstanding the fact that the luminescence 
is excited by light of wavelengths corresponding to the hypothetical 
AikT-band, the excitation must be due, in the main, to absorption in 
the AF-band, since the luminescence yield far exceeds 1 % of the 
total absorbed energy. The identity of the spectrum of the afterglow 
emitted by biacetyl in solid solution with that of the slow fluorescence 
of the vapor (Figure 88&) has already been pointed out (927a). 

Not only is there some uncertainty in the derivation of the energy 
gap between F and M from the difference in the wavelengths of the 
F- and the M-bands, but the derivation of the corresponding ‘'heat 
of activation'' from the relation between log r and 1 jT is also not quite 
unequivocal. It would be correct only if it were certain that the 
transition from F to M and vice versa occurs with greatest probability 
between the non vibrating level (v' 0) of F and a vibrational level 

of M of the same energy. It is clear that, if the transition would 
occur only between a vibrating level v' oi F and a higher vibrational 
fg'" of iVf, the heat of activation obtained by the same method would 
correspond to the energy difference F{v') — 1^(0") and not to 
F(O') — M(0"). Although these are not the conditions prevailing in 
real molecules, Linschitz's experiments prove that the transition 
probabilities have a distribution with its maximum not at v' =0, 
but at some higher vibrational level v\ While the average^ probability 
of a transition from F to M may be essentially lower than that of the 
transition from F to A, the probability of the transition from a 
certain vibrational level of F to a certain vibrational level of M can 
be very much larger. 

If processes of fluorescence, phosphorescence, and slow fluores- 
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cence occurring in a molecule are correctly represented by Jablonski, 
it can be shown that the ratio of fluorescence intensity to phosphor- 
escence intensity or to the intensity of slow fluorescence depends only 
on the relative values of transition probabilities characteristic of the 
processes and is independent of the intensity of the primary radiation. 
This is true even if a part of the absorbed energy is dissipated in state 
F or in state M or in both by some quenching process. Levshin 
reached the same conclusion from assumptions concerning the me- 
chanism of phosphorescence excitation which cannot be accepted as 
correct. 

In the main, the data of Table 87, most of which are taken from 
earlier investigations agree relatively well with the heats of activation 
which are derived from the wavelengths of the normal and the slow 
fluorescence bands; the phosphorescence of the compounds with the 
largest “heat of activation" vanishes at the highest temperatures. 
{T^ in Table 87). Crystal violet has been investigated by Lewis and 
is mentioned by him as proving qualitatively the validity of his 
theoretical assumptions. It is, however, the only one which quantita- 
tively does not agree so well. Notwithstanding a heat of activation 
of 6.2 kcal, the red F-band of crystal violet is still “bright" in the 
afterglow at — 113° C and “nearly disappears" at the temperature 
of liquid air. It is true that its visibility may be favored by the fact 
that the corresponding M-band lies at the limit of the infrared; but 
the lifetime of the phosphorescence is also exceedingly short at low 
temperatures : at — 95° C it is only 10"“^ sec, compared with a lifetime 
of 0.5 sec of the trypaflavine phosphorescence at 0° C. The small value 
of T cannot be explained by a relatively great transition probability 
from M to the ground state producing an almost invisible M-band, 


Table 87 

‘'Heat of Activation" and Low-Temperature Limit of the 
Phosphorescence of Dyes 


Compound 

Heat of 
activation 

T„, 

Compound 

Heat of 
activation 

T 

m 

eV 

kcal 

eV 1 

kcal 

Naphthalene* 

1.17 

27 

100° 

Fluorescein* I 

0.4 

9.2 

1 

CO 

o 

o 

Phenan- 




Trypaflavine p 

0.25 

5.75 

—70° 

threne* . . 

0.72 i 

16.5 

100° 

CTystal 




Esculint . . 

0.5 i 

11.5 

25° 

violet § 

0.27 

6.2 

—180° 


♦ In boric acid, f lu sugar. On silica gel. § In glycerol. 
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because this would not be compatible with the great intensity of the 
phosphorescence at — 95° C. 

If, in accordance with Jablonski’s theory, the energy emitted by 
the ^-phosphorescence and the Af-fluorescence is stored in the same 
quasi-stable state Af , the duration of both processes must be identical 
and their decay curves coincide. In the temperature range in which 
one of the two processes predominates, the transition probability of 
this process is the factor by which the lifetime, in the main, is de- 
termined. In an intermediate temperature range (for fluorescein in 
boric acid, for instance, at about 0° C), both transition probabilities 
should be of equal influence and no simple relation between the 
observed lifetime of the luminescence and the temperature can be 
expected. 

It has been proved by quantitative measurements that the orange 
and the blue region of the afterglow of fluorescein in boric acid or in 
aluminum sulfate have the same exponential decay. Although these 
measurements were made only at room temperature, it is certain that 
the Af-band contributed the major part of the energy to the emission 
spectrum in the orange region. This follows not only from the spectral 
intensity distribution in the afterglow, with a clear secondary 
maximum at the wavelength of the Af-band, but still more convincing- 
ly from the degree of polarization, which drops from 1 5 % in the blue 
to 5.5 % in the red.* The decay curves of the afterglow of trypaflavine 
adsorbed on silica gel are, however, purely logarithmic only at 
temperatures above 25° C and below — 70° C, if the F- and the Af- 
bands are not separated by colored filters. If, by the use of such filters, 
the decay curves of the bands are measured individually at inter- 
mediate temperatures, the lifetime of the green F-band increases 
between 0 and — 52° C from 0.47 to 0.97 sec, while the lifetime of the 
orange Af -fluorescence remains constant, with t = 1.2 sec. Further- 
more, the orange afterglow is as strong in atmospheric air as in vacuo, 
whereas the green phosphorescence is extremely sensitive to the 
smallest traces of oxygen. Finally, considering the difference between 
the heats of activation which were derived by the two methods men- 
tioned above, one can hardly doubt that, in the case of trypaflavine, 
phosphorescence and slow fluorescence originate from two different 
quasi-stable states, M and Af The same may be true for some other 
dyes. Wiedemann and Schmidt’s observation that the afterglow of 

,* The polarization of the fluorescein fluorescence during the excitation, 
when the contribution from an Af-band is not to be taken into account, is quite 
constant through the whole emission band. 
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several solid dye solutions changed its color during the period of 
emission cannot, however, be interpreted in this vsense. According to 
Lewis, these color changes are all due to the fact that the luminescent 
substances were not pure. Besides, Wiedemann and Schmidt’s ex- 
periments were performed at room temperature and most dyes do not 
exhibit their slow fluorescence with appreciable intensity under these 
conditions [930,931.1302,1835). 

137. Spectra of Dyes in Solid Solutions. The luminescence spectra 
of various dyes in solid solutions are compiled in Table 88. The fluo- 
rescence spectra at room temperature* show, in general, several 
maxima; they originate, in part, from a contribution of the ilZ-band 
to the total emission and, in part, from a vibrational structure of the 
fluorescence band itself, probably caused by transitions to several 
vibrational levels of the electronic ground state. The intensities given 
in the table are only relative and cannot serve for a comparison be- 
tween the luminescence of two dyes or between fluorescence and 
phosphorescence (1298 ) . 

The fluorescence of the negative ions of fluorescein, which has 
such a high yield in liquid solutions, is very strong also in solid 
solutions, but they exhibit only little phosphorescence. The afterglow 
of fluorescein in neutral and alkaline sugar solution is weak; it is 
greatly enhanced if the solution is acidified by the addition of any 
organic or inorganic acid {yo,yi). Fluorescein is moreover an excellent 
activator for “organophosphors” with acids, such as boric acid and 
phosphoric acid, as base material (see Section 139). In all these in- 
stances the luminescence has the blue-green color characteristic of 
the positive fluorescein ion. The fluorescence yield of erythrosin is 
always poor. In Section 1 10 this was ascribed, at least in part, to the 
tendency of the excited molecules to pass into a quasi-stable state ; as 
a matter of fact, the orange-yellow phosphorescence of erythrosin in 
gelatin is described by Wiedemann and Schmidt as one of the most 
brilliant among al the various dyes which they investigated (Figure 
144) [1454,1835). 

The bands from which the energy differences of Table 87 arc 
derived are designated by F and M, respectively, in Table 88. In 

♦ The fluorescence of crystal violet has not been investigated in a solvent 
which is solid at room temperature; the table, therefore, in this instance, lists 
the fluorescence at — 95® C, which probably does not differ from that at room 
temperature. The fluorescence and phosphorescence of the closely related dye, 
malachite green, dissolved in gelatin was observed by Wiedemann and Schmidt 
at room temperature, but they mention only the color of the luminescence as 
being red. 

Fringsheim IG* 
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some cases (for instance, in that of erythrosin), this selection may be 
doubtful. For a complete interpretation of all details a great number of 
special hypotheses would have to be introduced. Such details are the 
appearance of only one of the strong fluorescence bands of er^dhrosin 
in the phosphorescence spectrum at room temperature and the 
appearance of one of the strong fluorescence bands of rhoduline orange 
in the .spectrum of the afterglow at — 180'’ C. At room temp(Tatunj 

Table 88 

Luminkscence Bands of Dyes in Solid Solutions 


(S) : in sugar; (B) : in boric acid; wavelengths of band peaks in A 


CdiiiiHiuntl 

I'luoresccjice 

; Aftt rf^Iow 


at j 20' C 

I at f 20 C 

1 at 180' C 

I'ranin 

(S) 

1 

F 5270 strong 

5700 weak 

M (MOO very weak 

I 5270 strong 

! 

! ? 

5270 very weak 
5700 weak 

Fluorescein 

(H) 

F 1800 strong 

5300 weak 

M 5750 weak 

j 4800 strong 
j 5300 weak 
' 5750 weak 

? 

p 

5750* strong 

Kosin 

(S) 

F 5780 strong 
^F 0500 ? 

5780 strong 

0500 strong 

0500 strong 

Frvthrosin 

(«) 

5040 weak 

5400 strong 

F 5800 strong 
i\/ 0700 weak 



5800 strong 

0700 weak 

0700 \ ery strong 

Rhoduline 

orange 

(S) 

F 5300 very strong 
5800 very strong 
M 0400 weak 

7200 weak | 

5300 strong 

5800 strong 
i 0400 very weak 
7200 very weak 

5900 strong 

0500 strong 
? 

Esculin 

(S) 

F 4430 very strong I 
4900 strong 

M 5400 weak 

0000 very weak 

4900 weak 

5400 strong 

0000 weak 

4900 weak 

5400 strong 

0000 strong 

Crystal 

violet 

Malachite 

green 

F 0370 ‘Strong* 

M — 

F 0720 strongt 

M ™ 

0370 medium* 
7400 strong 

infrared 

7400 

(4700) strong 

infrared 
(4075 strong) 

(5000 medium) 
(5375 weak) 


In glycerol at — 95'’ C. f ethanol at — 158'’ C, 
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the fluorescence and phosphorescence spectra cf this dye are completely 
identical, hardly showing a trace of the strong M-band at 6500A 
which appears at — 180“ C, although the calculated energy differ- 
ence ])etween the F- and A/-states is only 0.4 eV — exactly the same 
as for fluorescein in boric acid. On the other hand, the afterglow of 
esculin at room temperature consists almost exclusively of the Af-band 
(Figure 145) ; at the temperature of liquid air an additional A/-band of 
still gn'ater wavt‘l(*ngth acquires a high intensity, another phe- 
nonunon wliich cannot be explained without introducing some new 



^ ^ o 

iO m m lo 


I'ig. Ml. I'liiorescence and 
))h()S})horescence()f erythrosin 
(l^ringsheini and Vavil(')\). 


a ; 

lliic)r('sc('n((' 

in 

wat 

t'r 


at 20 ' C 




h: 

lliiorescenc(‘ 

in 

sng 

ar 


a t 20“ C 




c: 

al'trrglow in 

sn 

gar 

at 


20 ’ C 




d: 

afterglow in 

Sll 

g.ir 

at 


- lS(r' C 



Fig. 1 15. TAiminescence of esculin 
in sugar (Pringsheini and Vavilov). 
n: f]iioresccn('(‘. b: afterglow. 


hypothesis. The green emission bands which Lewis observed in the 
afterglow of crystal violet and malachite green and which he ascribed 
to ‘'p.seudo-isomers“ of the dyes are apparently A/-bands, since they 
are brightest at low temperatures. They are excited by near u.v. and 
one might expect, therefore, the existence of corresponding normal 
fluorescence bands in tlie blue or violet, which should appear at higher 
temperatures; however, no such bands have been observed (gji). 

A strong phosphorescence is excited by near u.v. in ‘"pure” 
crystalline tetraphenylmethanc and some of its derivatives, according 
to Clapp. The bright green afterglow of the nonsubstituted compound 
can be observed at a temperature as high as 125° C; it lasts 23 sec at 
room temperature and 40 sec at — 80° C. One would expect that, in 
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contrast to the radical triphenylme thane, the compound in which all 
valencies of the central C-atom are saturated vshould exhibit no 
vivsible luminescence. Moreover, it would l>e a unique instance of a pure 
aromatic compound emitting a long-lasting phosphorescence at room 
temperature. Clapp suggests that the luminescence might be due to the 
presence of traces of a triphenylmethane dye. He doubts, however, 
whether the same explanation could be applied to compounds which 
show a similar phosphorescence and in which the central carbon is 
replaced by silicon or tin {228). 

Among the strongly fluorescent synthetic dyes the rhodamines 
seem to be the only exceptions which are not phosphorescent in solid 
solutions at room temperature and emit no slow fluorescence bands 
at the temperature of liquid air. Isocyanine chloride which is dis- 
solved in frozen glycerol or in gelatin becomes fluorescent (com- 
pare Station 115); the emission spectrum consists of a broad band in 
the red and orange and has nothing in common with the narrow yellow 
fluorescence band of the polymerized molecules in aqueous solution. 
If the polymerized aqueous solution of 1 % molar concentration is 
frozen at the temperature of liquid air, the yellow P-band disappears 
from the fluorescence spectrum and is replaced by an irregular 
sequence of narrow bands between 5790 and 6800A; a similar fluo- 
rescence spectrum is emitted at — lOO"* C by an aqueous solution of 
0.1 % molar concentration, which is non fluorescent as long the solution 
is liquid at room temj>erature. No phosphorescence could be observed 
(624a). Porphyrins which are adsorbed on a gel or a colloid or are 
dissolved in a solid exhibit a phosphorescence lasting a fraction of a 
second. The spectrum is of the alkaline or the acid type, depending on 
the nature of the adsorbent or the solvent. The spectrum remains the 
same when the temperature is lowered to — 180'' C (5.^,56,7569). 

138. ^^Progressive Phosphorescence^^ and Related Phenomena. If 
alcoholic solutions of benzene and many other aromatic hydrocarbons 
are irradiated with short-wavelength u.v. at low temperatures, they 
emit a visible luminescence with a discontinuous band spectrum which 
is widely different from their normal u.v. fluorescence spectrum 
described in previous sections. The phenomenon was discovered by 
Kowalski, who designated it as “progressive phosphorescence,” be- 
cause the afterglow reached its full “saturated intensity” only after 
an excitation period of about a minute. As pointed out in vSection 99, 
a certain period of growing intensity, corresponding to the decay 
period, can occur with every luminescence process showing an ob- 
servable afterglow, independent of its specific mechanism. On the 
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other hand, there are good reasons justifying the assumption that this 
“progressive phosphorescence” is a slow fluorescence of the same kind 
as that observed under analogous conditions in alcoholic dye solutions. 
The fact that in Kowalski’s experiments the duration of the progressive 
phosphorescence increased when the temperature was lowered below 
— 158° C is not inconsistent with its characterization as a slow fluo- 
rescence, because the increase in t was accompanied by a ccTresponding 
increase in intensity. A phosphorescence of short duration with a 
continuous spectrum covering the whole visible region has also been 
observed by Kowalski, but since this luminescence was excited by 
long- wavelength u.v., which is not absorbed by benzene and most of 
the other compounds under consideration, it had nothing in common 
with the other phenomenon and was caused by some unknown 
impurity, perhaps the same which produces the weak blue fluorescence 
of alcohol at room temperature (338,8i5,8iy,8i8). 

The “progressive phosphorescence” of benzene is excited only 
by light of wavelengths below 2700A, that of naphthalene only by 
light of wavelengths below 3100A, etc. According to Kowalski, the 
emission spectrum of benzene consists of seven doublets of narrow 
bands; the frequency difference between the two components is the 
same in each doublet and the spacing between the doublets is of the 
same order of magnitude as that in the normal benzene fluorescence 
spectra (J ~ 1000 cm~^). It is probable, therefore, that the molecules 
are transferred by the emission process to the electronic ground state. 
Not a trace of the spectrum is obtained in the luminescence of pure 
benzene at the temperature of liquid air or liquid hydrogen {835 ) . 

The spectra of simple derivatives of benzene have the same 
character, but their bands are less sharp and are more or less displaced 
with respect to benzene bands. Some examples are given in Table 89. 
Bands of the progressive phosphorescence spectrum of naphthalene 
are listed in the sixth column of Table 77; the naphthalene and 
phenanthrene spectra are shown schematically in Figure 146. (An 
alleged relation between the fluorescence spectrum of phenanthrene 
vapor and its progressive phosphorescence spectrum can be discarded, 
because the vapor spectrum which Tomaschek used for the comparison 
belonged to anthracene and not to phenanthrene [i6gi ) .) 

Luminescence spectra similar to those of the progressive phosphor- 
escence had already been observed by Goldstein in the afterglow of 
aromatic compounds dissolved in organic solvents at — 180° C 
several years before Kowalski’s discovery. Goldstein investigated 
almost 2,000 different spectra, but in most cases only qualitative 
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descriptions and no numerical data were published. Furthermore, his 
results are complicated by the fact that, in general, the luminescence 
was excited by cathode rays in air of low pressure and, thus, the 
organic compound underwent chemical transformations, mostly of 
unknown nature. Different emission spectra were observed for indi- 



4500 5000 5500 6000 6500 A 


Fig. 146. Emission spectra of ''boric 
acid phosphors” and "progressive 
phosphorescence” at liquid-air tem- 
perature. [a: after a photometer 
curve; h-e: from drawings after 
visual observation), 

N : naphthalene 
P: phenanthrene 
a: inether-pentane-cthanol 
(Lewis and Kasha) 
h'. in chlorobenzene (Goldstein) 
c'. in lx)ric acid (Ticoe) 
d: in alcohol (Tomaschek) 
e: in boric acid (Tomaschek) 


vidual compounds depending on 
the time during which they had 
been exposed to the cathode 
rays or to intense u.v. illumi- 
nation. Certain emission spectra 
which he observed in dilute 
solutions of aromatic compounds 
and which he called “solution 
spectra” belong unmistakably 
to the same class as the spectra 
of the “progressive phosphor- 
escence”; as an example, Gold- 
stein’s solution spectrum of 
naphthalene in chlorobenzene is 
given in the seventh column of 
Table 77 and in Figure 146& 
(511-515). 

Very important new material 
concerning the slow fluorescence 
of organic compounds has been 
provided recently by Lewis and 


Kasha ( 927 ^). They investigated the afterglow of nearly a hundred 
compounds dissolved in a mixture of ether, pentane, and ethanol 
at — 183° C, but the exact data for only a few of the emission spectra 


are given in their paper. Some of these arc reproduced in the second 
part of Table 89. The spectrum of benzene has the same general 
character as that described by Kowalski, although the two spectra do 


not coincide in all details. Since Kowalski’s measurements were made 


visually, while the new data are taken from photometer curves of 
spectrum photographs, the latter are more reliable ; a part of the dis- 
crepancies may be caused by the difference in the solvents. The far- 
reaching analogy between Goldstein’s drawing of the luminescence 
spectrum of naphthalene in chlorobenzene and Lewis’ photometer 
curve of the naphthalene spectrum is shown in Figure 146. 

The spectrum of jS-chloronaphthalene is similar to that of naph- 
thalene, but shows a fine structure which is not present in the case 
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-Table 89 

Spectra of “Progressive Phosphorescence'’ 
IN Alcoholic Solution at — 183° C 
(Peaks in A) 


Benzene 

. . 3390 

3520 

3650 

3800 

3970 

4130 

4290 


3460 

3570 

3710 

3850 

4020 

4190 

4350 

Toluene 

. . 3460 

3580 

3650 

3800 

4060 

4120 


o-Xylene 

. . 3480 

3610 

3780 

3900 

4070 




3560 

3670 

3870 

4000 

4103 



o-Cresol 

. . 3550 

3620 

3760 

3850 




Benzoic acid . . . . 


3660 

3790 

3910 

4050 






4580 

4960 

5330 






4650 

5040 

5410 



Phenanthrene . . . . 

. . 4200-4500 

4760 

5150 

5520 

5650- 

-6000 




4850 

5260 

5610 



Benzene* 

. . 8353? 

3546 

3686 

3820 

4008 

4167 

4310 


3410 

3606 

3743 

3893 

4087 

4237 

4405 

Chloronaphthalene . . 

. . 4760 

4825 

4880 

4950; 

5080 

5140 

5210 


5305 

5366 

5465 

5525 

5610 

5680 

5745; 


5815 

5990 

6060 

6135 

6250; 

6665 


Anthracene 

. , 6800 

7040 

(7575) (8300?: 

) 



Dibromoethylene 

. . 3970 

4140 

4260 

4420 

4560 



Biphenyl 

. . 4380 

4670 

5025 





rfs-Stilbene 

. . 4600 

5000 







* This and the following in a mixture of ether, pentane, and ethanol at 
— 183° C. 

of naphthalene and other naphthalene derivatives. Each band is 
resolved into a number of components with an average spacing of 250 
cm“^ (Table 89). Since nearly the same structure occurs in the spectra 
of bromonaphthalene and iodonaphthalene, it is highly improbable 
that the frequency difference of 250 cm~^ corresponds to a vibration 
of the halogens with respect to the rest of the molecule, considering the 
difference in mass of the atoms Cl, Br, and I and the naphthalene 
nucleus (35.5, 79.9, 126.9, and 126.2, respectively). One might rather 
assume that a proper vibration of the naphthalene molecule is greatly 
enhanced by the introduction of the halides. It may be mentioned 
that the Raman spectra of j3-chloro- and j9-bromo-naphthalene show 
lines at 270 cm”^ which are absent in the spectrum of naphthalene 
itself. 

WTiereas, in general, the normal fluorescence of hydrocarbons is 



452 


FLUORESCENCE OF ORGANIC COMPOUNDS 


weakened by introduction of halogens into the compounds, the slow 
fluorescence of chloronaphthalene is at least 500 times stronger than 
that of naphthalene. It has been pointed out (Sect. 125) that trayis- 
stilbene exhibits a strong fluorescence, while the ^;«s-form is not fluo- 
rescent ; here again, the relation is inversed when the slow fluorescence 
is considered. This form of luminescence is completely missing in 
^raws-stilbene and relatively strong in c^’s-stilbene. The two examples 
mentioned in this paragraph corroborate the hypothesis that low 
fluorescence yield of a compound is frequently due to the great pro- 
bability of a transition into a quasi-stable state. 

Among the substances listed by Lewis and Kasha are several 
aliphatic compounds, such as dibromoethylene and hexachloro- 
butadiene, which were not known to show normal fluorescence. On the 
basis of the available material it cannot be decided whether it is purely 
accidental that many of these compounds contain halogens as 
substituents. 

Goldstein found a series of bands with a strong maximum of 
intensity in the blue, but reaching to the orange, in the spectra of the 
afterglow of many “pure” aromatic compounds at — 180° C. These 
bands have nearly the same wavelengths in all instances and must 
therefore, be ascribed to the same impurity or, at least, to very similar 
impurities present in these compounds. Moreover, the bands coincide 
almost exactly with the emission bands which were observed by 
Marsh in the luminescence spectra of organic vapors and which were 
assumed in Section 89 to originate from benzaldehyde produced by 
chemical reactions (Table 90) ( 513 , 516 ). 


Table 90 

Phosphorescence Spectra of the Benzaldehyde Type 
(Peaks of bands in A) 


“Blue bands' ''of vapors . . . , 

3940 

4237 

4595 

4990 



“Vorspectrum” of metatoluic " 






acid 

3940 

4260 

4600 

4970 

5400 5900 

Phosphorescence of /?-xylene at 

3940 

4224 

4550 

4949 

5329 5894 

—180° 

3964 

4256 

4582 



Benzaldehyde in ^-xylene at 

3940 

4237 

4595 

4990 


—180° 

3975 

4255 

4600 




If allegedly pure xylene is irradiated at — 180° with the light from 
a quartz-mercury lamp, it emits an afterglow, in the spectrum of which 
a number of selective bands are superimposed on a continuous back- 
ground. The phenomenon is only slightly different in 0 -, and m- 
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xylene. The wavelength of the band peaks observed in p-xy\ene are 
listed in Table 90; their analogy with those of the other spectra in the 
table is obvious. However, the phosphorescence of benzaldehyde 
added intentionally to ^-xylene does not coincide exactly with the 
spectrum of the "'pure” compound. Thus, Terenin assumes that the 
latter spectrum is characteristic of an aldehyde of xylene and, simil- 
arly, Goldstein’s ‘‘Vorspectra”* arc supposed to belong to oth(?r 
aromatic aldehydes {83^^,1640). 

The mechanism producing this afterglow of aldehydes is not that 
of a slow fluorescence but of a real phosphorescence, as might already 
be expected because of the coincidence of the bands with the fluo- 
rescence bands of the vapors. The spectrum of the afterglow excited in 
pure xylene at — 253° C by short -wavelength u.v. is continuous. If 
the liquid-hydrogen cooling bath is removed after the end of the 
excitation, the aldehyde bands appear in a short outburst and 
disappear again ; siich an outburst is not observed if the excitation 
takes place at — 180° C. The phosphorescence is frozen in only at 
temperatures below — 200° C {83s). 

After prolonged cathode-ray bombardment of pure aromatic 
compounds at liquid-air temperature, the “Vorspectra” give way in 
the afterglow to a different type of luminescence spectra which then 
can also be excited by ultraviolet light. In general, they consist of 
irregularly spaced bands reaching from the blue-green to the red. 
Because of their relatively stable character they were called “Haupt- 
spectra” (principal spectra) of the compounds by Goldstein. Neverthe- 
less, they are obviously not characteristicof the substances themselves ; 
Terenin was not able to identify the carriers of this luminescence 
unequivocally, but suggested that they may be emitted by polymers 
produced by the electron bombardment {313-316,1640). 

139. Boric Acid and Similar Compounds as Bases of ^^Organo- 
phosphors/’ An afterglow of very great intensity is emitted by many 
organic compounds when they are imbedded in boric acid, as was 
first shown by Tiede. These “boric acid phosphors” are prepared by 
melting crystalline boric acid previously mixed with a small amoimt of 
the desired compound and allowing the liquid solution to solidify as a 
glass. In the heating process most of the water is evaporated; too 
great a water content or a complete dehydration destroys the phos- 

♦ Because these luminescence spectra disappeared after a relatively short 
period under the action of cathode-ray bombardment, Cxoldstein called them 
*‘Vorspcctra" (fore spectra); when excited by short -wavelength u.v., they are 
more stable. 
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phors* Various dyes (fluorescein, eosin, erythrosin, and hematopor- 
phyrin) and many colorless benzene derivatives have been used as 
‘‘activators.” Among the latter, phthalic acid, terephthalic acid, and 
phenanthrene have proved to be especially advantageous; good 
phosphors are also obtained with naphthalene, naphthalic acid, 
quinine, and hydroquinone, while anthracene is explicitly mentioned 
as being ineffective. This is noteworthy because it suggests that the 
afterglow of boric acid activated with phenanthrene is really charac- 
teristic of phenanthrene itself and not of anthracene, which is always 
present as an impurity in phenanthrene. The inefficiency of anthracene, 
on the other hand, is only apparent, although it is corroborated by 
various investigators ; it has been shown by Lewis and Kasha that the 
M-bands of anthracene lie at the limit of the infrared and are difficult 
to observe (Table 89). The same is probably true for acridine, which is 
also supposed to be inefficient. Benzene cannot serve as activator 
because of its low boiling point (g2yaj664,i6y2 ,i68y ,i6gi) . 

In these luminescent systems the quasi-stable states of organic 
molecules arc very well protected against internal conversion, even 
at relatively high temperatures. In many cases the afterglow, al- 
though appreciably reduced in intensity, is still visible at 160° C, 
only 25° below the melting point of metaboric acid. In the phosphors 
activated with naphthalic acid the brightness of the afterglow at 
90° C is 70 % of its value at room temperature ; the phosphorescence of 
fluorescein is slightly less proof against high temperatures and 
practically vanishes at 90° C (xdpi). 

The afterglow of the so-called boric acid phosphors is a phos- 
phorescence only in some cases ; in other cases, it is a slow fluorescence. 
The afterglow of dyes in boric acid exhibits essentially the same 
spectrum as their fluorescence in acidified liquid solutions, and the 
same bands are emitted as fluorescence during the excitation of the 
phosphor. Furthermore, the same fluorescence persists below and 
above the temperature limits at which the phosphorescence dis- 
appears, even when the boric acid is heated above the melting point. 
Finally, the afterglow can be frozen in at low temperatures and flares 
up if the substance is heated after the end of the excitation: this 
afterglow has all the characteristic properties of a typical phos- 
phorescence. Below a certain temperature (in the case of fluorescein, 
below — 30° C) the phosphorescence gives way to the emission of a 
band of greater wavelength, which is identical in wavelength with the 
M-band appearing in the slow fluorescence of other solutions of the 
dye at low temperatures {i6gi). 
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On the other hand, the spectra of the afterglow of the colorless 
hydrocarbons coincide, even at room temperature, with those of the 
so-called ‘‘progressive phosphorescence” (see Figure 146) and remain 
practically unaltered if the temperature is lowered to — 180° C, the 
bands only becoming sharper and showing more structure. Their 
intensity and the duration of the afterglow is not influenced by the 
low temperature. The half-life time of the slow fluorescence of naph- 
thionic acid in a boric acid phosphor is 1.5 sec. 

The behavior of naphthalic acid is very instructive in this 
connection, because it occupies an intermediate position. Its relatively 
short afterglow is pure yellow in the temperature range between 50° 
and — 180° C, the spectrum consisting of two diffuse bands between 
5900 and 5300 A, In the fluorescence which is emitted during the ex- 
citation a strong violet band at 4300A is predominant, so that a 
striking change in the color of the luminescence occurs when the 
excitation is stopped. This violet band also appears in the afterglow 
as typical phosphorescence at temperatures above 100° C ; it probably 
corresponds to the same electronic transition as the first absorption 
band of naphthalic acid at 3800A. 

Luminescent systems with properties similar to those of boric 
acid phosphors have been prepared with other base materials. Good 
“organophosphors” are obtained by activating metaphosphoric acid, 
the monophosphates of calcium, beryllium, and magnesium,’*' and 
hydrated aluminum sulfate [Al2(S04)3- ISHgO] with dyes or aromatic 
hydrocarbons (222,22^,^9^,766^,7705). Travnicek's “cement phos- 
phors” are another group differing from the former in that 2 compo- 
nents combine to form a hard and brittle cement. Such a phosphor 
is prepared, e.g., by mixing 1 g of MgO with 0.7 cc of an aqueous 
solution containing 0.13 g of MgClg and 0.04 mg of uranin or another 
dye, while hydrocarbons must be dissolved in alcohol. The thick paste 
is slowly heated to a temperature of about 150° C, until a part of the 
water is driven off and the mass solidifies. MgO can be replaced, 
although with a loss in luminosity of the product, by the oxides of Ba, 
Ca, Sr, or La, and the chloride by bromide, sulfate, or nitrate. The 
cement phosphors are exceptional because, according to Travnicek, 
not only the intensity of their afterglow, but also the emission spectra 
are influenced by the nature of the second component of the base 
material and, in some cases, even by the wavelength of the exciting 
light. Since all observations were made only visually and without the 

* No good phosphors are obtained with ortho- and pyrophosphoric acid, 
and with barium and strontium phosphate as base materials. 
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use of a photometer, these results may not be regarded as completely 
certain ( 1706 ). 

Phosphors with a strong afterglow lasting 20 sec can be prepared 
by adding 0.1 -0.5% of glycocoll, uric and hippuric acid to the car- 
bonates of calcium or strontium. It is very probable that many calcite 
minerals owe their luminescence to such organic impurities. The best 
activators for boric acid phosphors, such as fluorescein, salicylic and 
naphthalic acids, however, are ineffective in synthetic calcite { 223 ). 

Apart from the fact that the solvent or adsorbent must be rigid, 
it is not known which properties of a solid make it a useful base for an 
“orga nophosphor” with a strong afterglow. All materials (with the 
exception of the carbonates, which apparently belong to a different 
class) treated in this section have in common the requirement that 
they must contain a certain amount of constitutional water; complete 
dehydration or too high a content of water are equally harmful. This 
does not apply to organic solvents at low temperatures, however. 
Solutions in glycerol or alcohol at the temperature of liquid air lose none 
of their luminous efficiency when they are completely dehydrated. 
Tiede’s hypothesis that a strong contraction of the solvent and a 
resulting strain acting on the luminescent molecules is the essential 
condition for the production of afterglow, cannot be maintained. The 
hypothesis was based on the supposed analogy with crystal phovsphors 
and on Lenard’s theory of phosphorescence. This analogy was postu- 
lated by many investigators (Kowalski, Tiede, and Tomaschek), but 
is without any foundation, as was emphasized by Levshin. In the so- 
called organophosphors the total process of luminescence, including 
the mechanism of energy storage, takes place exclusively inside of 
the luminescent molecule and is in every case monomolecular. In 
crystal phosphors the “trapping” of the energy (or of the excited 
electron) is, in general, not a function of the luminescent center itself 
but of some othcA: part of the crystal, and the same is even ire quently 
true for the exciting light absorption (9x5,919). 

A survey of the last 3 sections proves that general assumptions 
made in Sect. 135 are correct. Below electronic state F, which is re- 
sponsible for the first absorption band and the corresponding “normal 
fluorescence'' band, many aromatic substances have one or several 
metastable or quasi-stable states M to which they are able to pass 
from F and in which the greatest part of the excitation energy can 
be stored for a relatively long time. The final return to the ground 
state occurs either by a phosphorescence process or by a slow fluo- 
rescence emitted in a “forbidden” transition. For the special case of 
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fluorescein it has been shown by wide-angle interference experiments 
that the forbidden transition corresponds to an electric dipole radia- 
tion. In all instances which have been investigated so far, the radiation 
emitted in the forbidden transition is unpolarized or negatively 
polarized in contrast to the strong positive polarization of the normal 
fluorescence and of the phosphorescence. The fact that Lewis and his 
collaborators observed an appreciable positive polarization in the 
afterglow of a boric acid phosphor, while the luminescence of these 
phosphors had previously been found to be unpolarized, was caused 
not only by the good transparency of their material (thus avoiding 
depolarization by multiple refraction and reflection), but was due 
primarily to the circumstance that their phosphor was activated with 
fluorescein and not with tcrephthalic acid or with phenanthrene. It 
was a case of phorphorescence and not of slow fluorescence. The small 
fraction of the afterglow of fluorescein -activated boric acid, which at 
room temperature is duo to slow fluorescence, is polarized very little, 
or is unpolarized {gjo^iSiy). 

Which of the two processes prevails in the afterglow is deter- 
mined by the nature of the organic compound and the temperature 
and does not depend on the nature of the solvent, which only must be 
rigid at the temperature of observation. The colorless hydrocarbons 
preserve their slow fluorescence at temperatures well above 100° C; 
with esculin it predominates at room temperature, with fluorescein 
below — 30° C, with crystal violet below — 100° C, while with 
benzaldehyde phosphorescence is still observed at temperatures below 
— 180° C. Since the phosphorescence and the slow fluorescence are 
excited by absorption of light in the same absorption bands in which 
the normal fluorescence is produced, both processes of afterglow are 
always accompanied by the emission of this normal fluorescence 
during the period of irradiation. As a rule, the fluorescence has been 
observed only when it belonged to the visible region, as is the case 
for all dyes and for a few colorless compounds with blue or violet 
fluorescence, such as esculin, quinine, and naphthalic acid. There is, 
however, no reason to doubt that during the period of excitation boric 
acid phosphors activated with naphthalene and phenanthrene emit 
the well-known u.v. fluorescence spectra which are characteristic of 
these compounds. 


Pringsheim 17 
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LUMINESCENCE OF PURE INORGANIC COMPOUNDS 
A. The Rare-Earth Metals 

140. Fluorescence Spectra of the Trivalent Ions. The cathodo* 
luminescence of the rare-earth metals has played an important part 
in the discovery and separation of these elements. In many cases, 
however, the observed spectra, consisting of groups of narrow bands 
or lines, were characteristic not of the elements which were supposed 
to be isolated, but of another rare-earth metal which was present as a 
small impurity. The fluorescence of rare earths contained as impurities 
in minerals like fluorite, or in synthetic phosphors of the sulfide type 
had also been known for a considerable time, while the photo- 
luminescence of pure salts of rare earths and of their aqueous solutions 
has been discovered only lately {1701 ) . 

However, only gadolinium and its immediate neighbors in the 
periodic system — europium and samarium on the one side, and 
terbium and dysprosium on the other — have to be considered in this 
connection. Salts of other rare-earth metals are luminescent only in 
liquid and solid solutions and as activators of crystal phosphors. The 
emission spectra and the corresponding absorption spectra are, in the 
main, typical line spectra and are to be ascribed to the trivalent ions 
Eu Sm++'*', etc. The outermost electrons of these ions form a 
complete rare-gas shell (the xenon shell, with two 5s and six 5p~ 
electrons), inside of which the 4/-shell is filled successively in passing 
from one element to the following (see fourth row of Table 91). As long 
as this shell is not completely populated with fourteen electrons (as in 
element 71), a number of 4/-levels are unoccupied and electrons 
already present in the 4/-shells can be raised by light absorption into 
these empty levels. By vectorial addition of the orbital momenta I of 
all 4/-electrons, the total orbital momenta L == 0, 1, 2, 3 . . . corre- 
sponding to electronic terms 5, P, D, F . . . are obtained. These 
electronic terms are split into multiplets with multiplicities ranging 
from one to eight according to the total electronic spin 5 which results 
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Table 91 


Rare-Earth Metals with Line Fluorescence 


No 


in crystal phosphors 


line 




fl. 


as pure salts 


No 57 58 

59 60 61 

62 63 64 65 66 

67 68 69 

La Ce 

Pr Nd — 

Sm Eu Gd Tb Dy 

Ho Er Tm 

Ground state 5 F 

H T I 

H F S F H \ 

I I H 

Number of 




4/-electrons 0 1 

2 3 4 

5 6 7 8 9 

10 11 12 


No 

line 

fl. 

70 71 
Yb Lu 


F S 


13 14 


from the addition of the spins of the individual 4/-electrons.* For the 
elements preceding gadolinium the multiplets are normal, the lowest 
/-values corresponding to the lowest terms ; for the elements following 
gadolinium the multiplets are inverted, the highest /-values corre- 
sponding to the lowest terms. The narrow lines which were known 



12000 14000 16000 18000 20000 cm“* 

Fig. 147. Schematic representation of absorption and fluorescence 
spectra of trivalent rare-earth ions (Tomaschek). 
a: gadolinium, b: europium, c: terbium. 


♦ The maximum spin momentum for seven electrons is S = ’/j and the 
corresponding multiplicity 2S + 1 8 (compare Section 11). 
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previously to occur in the absorption spectra of rare-earth salts and 
which now have been observed also in emission spectra are ascribed to 
transitions of electrons between various terms which lie inside of the 
4/-shell, and the sharpness which they preserve in condensed systems 
is explained by the fact that they are protected against outside 
perturbations by the electrons of the xenon shell. This protection 
against perturbations is also the reason for the high fluorescence yield, 
which approaches 100% even in liquid solutions. The fact that the 
rare earths with less than five or more than nine /-electrons are not 
fluorescent as pure salts, although their absorption spectra show’ 
similar narrow lines, has not yet been explained satisfactorily. 



Hg 5461 A 

Fig. 148. Absorption and fluorescence spectrum of 
Tb 2 (S 04 ) 3 - SHgO at - I8(y^ C (Gobrecht). 

The absorption and fluorescence spectra of some of the elements 
under consideration are plotted schematically in Figure 147. The lines 
below the horizontal represent the absorption lines and those above 
the horizontal the emission lines, the length of each line giving an 
approximate measure of its relative intensity. Each line group (for 
instance, in the emission spectrum of Eu+++ the groups numbered 
from 1 to 10 in Figure 147) corresponds to the transition from a given 
upper electronic state to a muitiplet term of the ground state (which 
is a ’F-state in the case of europium). Thus, the first seven line 
groups (numbers 1-7 in Figure 1476) form a complete septet. Since the 
upper* electronic state has, in this case, the inner quantum number 
/ = 0, while the /-values of the ground state run from 0 to 6, varia- 
tions of J up to AJ = 6 occur in the emission spectrum. Because of 
these large infringements on the selection rule J/ = 0 or ± 1, the 
transitions are 'Torbidden'' and have only small probabilities. The 
influence of the molecular field of the surrounding ions on the transi- 
tion probabilities will be mentioned in the next section. In agreement 
with the fact that all electronic transitions corresponding to the 
emission of fluorescence lines in the salts of rare-earth metals are 
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forbidden, the luminescence (a slow fluorescence) has a decay period 
of the order of 10““^ sec and can be observed without difficulty in a 
Becquerel phosphoroscope {^oj,^04,io88,iy6ya,T8i6). 

The three line groups in the europium fluorescence spectrum, 
numbered 8-10 in Figure 147&, belong to another septet originating 
at the higher electronic level with 1. Two other groups of this 

septet overlap the adjacent 

groups of the first septet, from H25000 

which they are not clearly 
separated in the spectro- 
grams. In Table 92 they are 

designated by 5a and 6a. A 1 cm~ 

photograph of a septet occur- 
ring in the fluorescence spec- 
trum of terbium is reproduced 
in Figure 148. 

The energy differences 
between the lowest terms of 
the multiplets of Eu^ '^+ are 
very small and, therefore, the 
levels 7" = 1 and J" — 2 are 
populated to some extent at 
room temperature. The ab- 
sorption lines originating at 
these levels can be observed 
at room temperature, but 
they disappear completely at 

the temperature of liquid air. Furthermore, the absorption spectrum 
of Eu+++ contains several lines of shorter wavelengths which raise the 
ions into higher electronic states. These lines are never obtained in 
the emission spectrum; apparently the ions pass by radiationless 
processes from the upper states into the lowest excited electronic state 
and from there the fluorescence emission eventually originates (Figure 
149) (86i). 

The energy -level diagram of Tb+++ is given in Figure 150 as an 
example of an “inverted multiplet.'’ Here the spacing between the 
lowest level, 7 — 6, and the following, J ~ 5, is so large that even 
at room temperature only the former is populated. Accordingly, only 
the lines originating at this level appear in the absorption spectrum. 

The energy-level scheme of Sm+++ which is derived from its 
fluorescence and absorption spectra has a somewhat different character 



lOOOO 15000 20000 25000 cm ' 

Fig. 149. Energy levels of Eu'*"^'*' 
(Tomaschek and Gobrecht). 
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(Figure 151). The frequencies of three lines in the long-wavelength 
part of the emission spectrum are equal to the differences between the 



22000 
20 000 
18 000 

cm"' 

6 000 
4000 
2 000 
0 


Fig. 150. Energy levels of (Gobrecht). 


frequencies of three absorption lines in the green and that of an 
infrared absorption line (for instance, 18000-10000 — 8000 cm*~^). 
Therefore, the left-hand part of Figure 151 shows an intermediate 
electronic state which is reached by the absorption of the infrared 



Fig. 151. Energy levels of (Gobrecht). 


lines and by the emission of the long- wave fluorescence lines. The 
infrared lines are not observed in the fluorescence spectrum because 
of their low intensity. The conditions prevailing in the absorption 
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Table 92 

Fluorescence Spectrum of Europium Octahydrosulfate and an 
Europium Salt I3issolved in Alcohol 
{v: mean wave number of line group in cm~^; A: wavelength in A; 

I : estimated intensity) 


Sulfate 

No. r 7" 

Solution 

Sulfate 

No. J' J” 


Solution 

1 

V 

A 

I 

A 

I j 


V 

A 

I 

A 

/ 

1 0 

6 12200 

8200 

8 



_| 

6 0 

1 10900 

5965 

1 

5955 

4 



8110 

10 

— 

— I 



5955 

1 

— 

— 









5945 

1 

— 

— 

2 0 

5 13300 

7500 

4 


— 



5937 

5 

5933 

4 



7505 

4 

— 

— 



5920 

10 

5909 

4 



7440 

4 

— 

— 



5890 

10 

— 


3 0 

4 14300 

7035 

0 


__ 

6a 1 

3 17100 

5863 

3 

5866 

3 



7007 

() 





5850 

3 

— 

— 



6980 

10 

0881 




5845 

3 

— 

— 



0965 

2 

— 

— 



5830 

3 

— 

— 



0927 

4 

— 

— 



5825 

3 

— 

— 



6920 

4 

— 

— 





5806 

5 







7 0 

0 17205 

5791 

5 

5798 

3 

4 0 

3 15340 

0547 

5 

0548 

4 









0523 

5 

0537 

3 

8 1 

2 17950 

5593 

3 

— 

— 



0515 

5 

0524 

4 



5570 

3 

— 

— 



0505 

5 

0504 

4 



5548 

3 

— 

— 



0500 

5 

— 

-- 



5535 

3 I 

— 


.5a 1 

4 1G050 

0250 

1 


— 

9 1 

1 18700 

5355 

1 

3 

— 

— 



0237 

1 

0228 

4 



5331 

3 

— 

— 



0220 

1 

— 










0205 

1 

i 0200 

4 

10 1 

0 19050 

5252 

3 

— 

— 





1 




5247 

3 

— 

— 

5 0 

2 16250 

0185 

10 





5244 

3 


— 



0172 

10 

0173 

7 









0150 

5 

0153 

5 









6140 

10 

0140 

7 









0125 

10 

0127 

7 








* d: diffuse. 


and fluorescence spectra of dysprosium are similar, but the fluo- 
rescence is relatively weak. 

The absorption lines of gadolinium salts lie in the u.v., below' 
3525A; the first group of absorption lines between 3050A and 3117A 
coincides with the strongest group of fluorescence lines (Figure 147^ 
and Table 93). Since the ground state of Gd+++ is an S-term and, there- 
fore, simple, the emission lines of greater wavelengths cannot be 
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ascribed to transitions to higher multiplet levels of the ground state, 
as in the spectra of the other rare-earth ions. Tomaschek assumed, 
therefore, that a second excited electronic state of smaller energy 
contributes to the emission process. In confirmation of this hypothesis 
he succeeded in observing weak absorption lines coinciding with the 
fluorescence lines between 3216 and 3533A (in Figure 147a they are 
marked by dotted lines below the horizontal) (J702). 


Table 93 

Fluorescence and Absorption Lines of Gadolinium 

OCTAIIYDROSULFATE AT 20'^ C 


(A in A; intensities estimated) 


Fliiorescrn ce 

j Absorption 

/ 

Intensity 

i ^ .... 

[ Intensity 

3050-3060 

2 

3054 1 

7 



3056 j 

7 



3060 

7 

3109* 

9 

3109 

5 

3112 

10 j 

3112 

7 

3114 

10 

3114 

9 

3117 

10 



3153 

0 



3177-3190 

3216 

0 

3 

3215 

very weak 

3344-3367 

1 



3496-3533 t 

1 

3499-3524 

very weak 


* Continuous background 3096-31 34 A. 

t Some additional weaker fluorescence lines between 3500 and 4150A. 
I Further strong absorption lines between 3000 and 2400 A. 


The fluorescence of the rare-earth ions is excited by light ab- 
sorption in any one of their characteristic absorption lines. In general, 
all fluorescence lines with wavelengths greater than that of the ex- 
citing line are present in the emission spectrum. In the fluorescence 
spectra of several europium salts, however, the line groups originating 
at the electronic level /' = 1 (5a, 6a, and 8-10 in Table 92) are missing 
if the fluorescence is excited by absorption in short-wave absorption 
lines, which raise the ions to higher excited states. Apparently, for 
some unknown reason the transitions from these states to the level 
/' == 1 does not occur, (these transitions are indicated in Figure 149 
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by dotted lines). The possibility of exciting the fluorescence of a rare- 
earth ion which forms part of a complex organic compound by light 
absorption which occurs in another part of the complex, has alread}^ 
been mentioned (Sections 97 and 106) {i8i6). 

Cerium differs from the other rare-earth metals, insofar as its 
trivalent ion contains only a single electron in its 4/-shell. Therefore, 
no electronic terms other than the two doublet levels of the ground 
state ^^ 5/2 and ‘^^" 7/2 can be formed within the 4/-shcll and the ab- 
sorption processes of smallest energy raise the electron to an orbit 
outside of the xenon shell. Hence, the sharp absorption lines are 
replaced by relatively diffuse bands lying below 3000A. Absorption 
of light in these bands by crystals of cerium sulfate produces a lumi- 
nescence of medium strength, the spectrum of which consists of a 
double band with two diffuse maxima at 3440 and 3200A. Gobrecht 
ascribes them to transitions from the excited state to the doublet 
levels of the ground state. If cerium trifluoride is excited by light of 
wavelength 2537A, an additional band at 2700A is obtained, while 
irradiation with light of A < 2300 causes the appearance of a fluo- 
rescence band at the limit of the visible region, with its maximum 
at 3800A {504), 

Analogous u.v, fluorescence bands corresponding to transitions 
from orbits outside of the xenon shell to 4/-levels have not yet been 
observed in the spectra of other rare-earth salts in the crystalline state. 
Pure salts of lanthanum, which contains no 4/-electrons, arc not fluo- 
rescent at all. 

141, The Crystalline State. Not all solid salts of those elements 
which are marked in Table 91 as “fluorescent as pure salts” show 
photoluminescence; for instance, the fluoride and the dehydrated 
chloride of europium are not fluorescent and the fluorescence yield of 
the oxide is very small. This seems to be due to the very narrow 
spacing of the ions in the lattices of these compounds which favors 
internal conversion. If EuClg is hydrated it becomes strongly fluo- 
rescent. The fluorescence of the rare-earth sulfates with eight molecules 
of water is especially easy to observe and most data given in the pre- 
ceding section relate to these sulfates. Furthermore, many organic 
compounds like oxalates, benzoylacetonates, and salicylaldehydes 
give high fluorescence yields. 

Although the absorption and the emission spectra are determined, 
in the main, by the nature of the rare-earth ions, they are influenced 
in several respects by the symmetry of the crystal lattice and by the 
nature of the anion. The lines are all “forbidden,” but not all to the 
Pringsheim 17* 
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same degree. The Eu+++ line 0' O'" (J/ = 0, / ~ 0) is missing in 

cubic or hexagonal cry vStals (EuBrg + QHgO, europium ethyl sulfate + 
QHgO), but it appears in monoclinic crystals (europium sulfate) and 
in triclinic crystals (europium acetate -f SHgO) (50 j). 

When Eu+++ ions are imbedded in crystals of calcium fluoride 
or strontium fluoride, the intensity distribution in the fluorescence 
spectra is anomalous in that the generally strong line group near 
5900A corresponding to the transition /' — 0 = 1 (number 6 
in Table 92 and in Figures 147 and 149) is very weak, while the for- 
bidden yellow line y' = 0 — 0 (number 7) is extremely strong 

and is shifted from 5790 to 5725 A. When barium chloride is the base 
material, the relative intensities of these line groups are normal in the 
fluorescence spectrum at room temperatur(\ but show the same anoma- 
ly as in Cal'a temperature of liquid air {2iy). 

In the fluorescence spectrum of europium sulfate (Table 92) and 
similarly in the spectra of the other rare-earth salts, the lines corre- 
sponding to the transition between two electronic levels are split into 
a number of components. This is due to the Stark effect caused by the 
electric field of the surrounding ions. According to the theory which 
has been developed by Bethe, the number of expected components 
can be derived from the symmetry of the electric field. The number of 
sublevels into which each electronic level is resolved increases from 1 
for y = 0 or / — ^2 with increasing /-values and reaches 13 for y = 6 
in electric fields of lowest symmetry (Table 94). If the values of J' 
and y" are known, the symmetry of the field can be derived from 
the observed number of components. The calculation is unequivocal, 
however, only if one of the two combining terms is not split up 
by the action of the field (as for / = 0 or or generally for S- 
terms). This condition is fulfilled for the europium septet originating 
at y' — 0, as is shown by the fact that the line at 5791 A (O' -> 0") is 


Table 94 

Number of Stark-Effect Sublevels in Fields of 
Different Symmetry 


Symmetry 


Number of sublevels 


of field 

/ = 0 

i Vs 

1 


2 

V. 

3 

V, 

4 


6 


6 

Cubic 

1 

1 

1 i 

1 

2 

2 

3 

3 

4 

3 

4 

4 

6 

Octahedral \ 
Hexagonal j ' ‘ 

1 

1 

2 

2 

1 

3 

3 

5 

4 

6 

5 

7j 

1 

6 

9 

Tetragonal and 





i 









lower symmetry 


1 

3 

2 

5 

3 

7 

4 

9 

5 

11 

6 

13 
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simple (see Figure 152). If only the stronger lines are taken into 
account, the spectrum of europium oxalate is in satisfactory agreement 
with a field of cubic symmetry. In the spectrum of europium sulfate 
the splitting of the line = 1 into a complex group shows that the 
field symmetry cannot be cubic, while the group 7" ^ 3 (number 4 
in Table 92), with five components of equal strength, and the group/" 
— 4 (number 3), with six components, prove the electric field to be 
of hexagonal symmetry. 




Fig. 153. Absorption and 
fluorescence spectrum of 
Sm 2 (SCJ 4 ) 3 - SHgO (Gobrecht). 


Fig. 152. Fluorescence spectrum of 
europium oxalate (Gobrecht). 


The analysis of the groups in the fluorescence spectra of other 
rare-earth salts is less complete. From the number of components in 
the group /" = 1 of the terbium sulfate fluorescence spectrum, it 
can be concluded only that the electric field has neither cubic nor 
hexagonal symmetry (Figure 148). The same is true for the fluorescence 
spectrum of samarium sulfate, in which every group consists of two 
subgroups; in this case the excited electronic state is also split into 
two sublevels by the molecular Stark effect, and, therefore, all lines 
are split into doublets, the components of which are connected by 
brackets in Figure 153. The spacing of the doublet components 
(28 cm~^) corresponds to the energy difference between the two 
sublevels of the excited electronic state. 

Furthermore, the frequencies of the individual lines are influenced 
to a certain extent by the structure of the crystal. Thus, the line 0' 0" 

of europium sulfate (number 7 in Table 92) coincides almost exactly 
with the mercury line 5791 A, but is shifted in the direction of greater 
wavelengths in the spectrum of the oxalate (Figure 152) and lies at 
5780 A in the fluoride; it is even shifted to 5723 A in Eu-activated SrF 2 
as was mentioned above. Effects of this type have been investigated 
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Table 95 A 

Frequency Differences between the Sextet Terms of Sm+++ (Fig. 
147) and between the Line Groups of the Luminescence Spectrum 
OF Sm Imbedded in CaO 


( in cm~i) 


Sm,(S()4)3- 8H,0. 

1085 

j 1221 

1333 

1303 

1495 

Sm in CaO .... 

1073 

1 120() 

1 300 

1370 

1588 


Table 9 SB 

The First Three Line Groups in the Fluorescence Spectra of 
Samarium Sulfate ani> of Samarium Imbedded in Calcium Oxide 
and the Number n of Lines in Every Group 


(Wavelengths in A) 


Sm2(S04)3.8H20 .. 

1 5579-5058 

5935-0022 

0400-0488 


'>1 (> 

8 

0 

Sm in CaO .... j 

5330-5940 

0034-0307 

() 1 1 0-0807 

1 

yj 30 

17 

14 


more thoroughly in the spectra of rare earths imbedded in crystals of 



Mole per cent of CoS 


Fig. 154. Shift of the wavelength of 
a line in the fluorescence spectrum 
of imbedded in mixed crystals 

of CaS-SrS with increasing lattice 
spacing (Travnicek). 
a: wavelength of principal red 
line in A. b ; lattice spacing in A. 


another compound — for in- 
stance, calcium sulfide or 
magnesium oxide. The fluores- 
cence spectra of samarium 
obtained under these con- 
ditions are closely related to 
those of the pure samariom 
salts. The frequency differences 
between the line groups of 
which the spectra consist are 
very nearly the same (Table 
95 A) . The groups are, however, 
considerably broader and less 
clearly separated and contain 
a much lapger number of in- 
dividual lines (Table 95B) 
{ 1 ^ 94 ) ■ 

Figure 154 shows how an 
outstanding line of the Sm- 
spectrum is shifted gradually 
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from 6059 to 6036A when the rare earth is imbedded in mixed 
crystals of CaS and SrS of varying relative concentration. The paral- 
lelism between the wavelength shift and the decreasing lattice con- 
stants of the mixed crystals is obvious. On the other hand, the emission 
spectra are very nearly identical if samarium is imbedded in SrO 
or in PbO, the cations of these two salts having almost the same 
ionic radii [1396 jsgy, 1700, 1703 jy 04), 

The line at 6059 A is the long- wavelength component of a doublet 
in the second group of the CaO(Sm) fluorescence spectrum. The wave- 
lengths of the two components of this doublet and of the corre- 
sponding doublet in the first line group are listed in Table 95C for a 
number of oxides and sulfides containing samarium. 

Fig. 1 55 shows that, simultaneously with the shift in wavelength. 
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Fig. 155. Wavelength shift in two doublets in 

mixed crystals of CaS-SrS with increasing Sr-concen- 
tration (Tomaschek). 


Table 95C 

Wavelengths of the Components of Two Doublets in the Fluo- 
rescence Spectrum of Samarium Imbedded in Various Oxides and 

Sulfides 


(Wavelengths in A) 



Oxides 

Sulfides 

Ca 

! 5681 

5750 

6059 

6150 

5656 

5698 

6007 

6058 

Sr 

5663 

5731 

6031 

6110 

5643 

5679 

5999 

6035 

Ba 

— 

j 

6056 

6081 

5638 

5670 

5988 

6022 

Mg 

1 5729 

5829 

6103 

6374 

5686 

5735 

6052 

6104 

Zn 

— 

— 

— 

— 

5700 

5747 

6062 

6139 

Be 

5619 

5678 

5975 

6044 

— 

— 

— 

— 


Pringsheim 11* 
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each of the four lines of the doublets splits into several components 
when the relative concentration of Sr in the mixed crystals of CaS-SrS 
increases. It does not seem possible to obtain the intermediate spectra 
h and c of Figure 155 by mere superposition of the two limiting spectra 
corresponding to pure CaS and SrS. It does not seem probable, 
either, that this difference in the structure of the spectra is caused by 



= 0 ; 5 


I 

V I 

l^=0;y =1 


Fig. 156. Energy levels for the fluorescence 
of Sm imbedded in CaO (Tomaschek) . 


a different symmetry of the molecular fields, since the crystals of CaS 
and SrS have the same symmetry. 

The details of the spectra ‘differ rather widely even if a rare earth 
(europium or samarium) is imbedded in the same “base material” 
(e.g., MgO or CaS),’ depending on the manner of preparation of the 
“phosphor.” Tomaschek ascribes such differences to the existence of 
various microcrystalline ''fine structures" upon which the essentially 
identical ' ‘macrostructure" is superimposed, the latter alone being 
revealed by x-ray diffraction patterns. 

Finally, lines which are due neither to the existence of the various 
multiplet terms nor to their splitting by molecular Stark effects can 
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be produced by the superposition of molecular vibrations or lattice 
vibrations on the purely electronic frequencies {342). This phenomenon, 
too has been investigated more completely in the spectra of rare earths 
imbedded in foreign crystals, in which such lines seem to occur more 
frequently than in the spectra of pure salts. Figure 156 gives the 
analysis of three groups of lines obtained in the fluorescence spectrum 
of calcium oxide “activated” with samarium {i6g3,i6g6). The larger 
frequency differences (above 1000 cm“^), of which two occur in the 
diagram, were assumed by Tomaschek to be due to an intemuclear 
vibration (v] = 0, 1, and 2) but the figures of table 95A prove that they 
correspond to the spacings between the multiplet terms of the ground 
state, The smaller periods of 268 and 314 cm“^ are ascribed to 
lattice vibrations in the unexcited and the excited state, respectively. 
The natural frequencies of the fundamental lattice (CaO in this case) 
are supposed to be perturbed by the presence of the rare-earth ions. 
According to this scheme the doublets of Figure 155 and of Table 95C, 
which arc marked in Figure 156 by brackets, correspond to transitions 
from a common upper level, v' = \, to two adjacent vibrational levels 
with v'* = 1 and v" = 2, and the distance between the two components 
of one doublet is equal to the vibrational frequency of the ground 
state. The validity of this assumption is very doubtful, however, 
considering the different behavior of the components of one doublet 
(pairs 1 and 2, or 3 and 4, in Fig. 155) in mixed crystals of CaS and 
SrS, since this difference would be caused only by the different values 
of v". On the other hand, components 1 and 3 or 2 and 4, respectively, 
which are supposed to lead to different /"^-levels, split up in almost 
identical manner with increasing strontium concentration in the mixed 
crystals. Furthermore, only about one-third of all observed lines are 
taken care of by the level scheme of Figure 156, while the appearance 
of new lines caused by the Stark effect is not taken into account. It 
must be admitted, therefore, that a satisfactory analysis of the line 
originating from the superposition of electronic multiplets and lattice 
vibrations has not yet been given for this or any other rare-earth 
spectrum. 

If a lanthanum salt (for instance, the acetate) crystallizes from 
an aqueous solution and contains traces of another rare earth, the 
crystals are photoluminescent again only if one of the five elements 
gadolinium, europium, samarium, terbium, and dysprosium is present 
as an impurity. Such crystals show none of the properties characteristic 
of “crystal phosphors”; their luminescence is excited exclusively by 
light absorption in the impurity ions themselves, no appreciable 
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afterglow is observed, and the intensity of the light emission corre- 
sponds to the concentration of the impurity. The presence in a 
lanthanum salt of 0.01 mole per cent Eu or Tb, of 0.1 % Sm, or of 1 % 
Dy can be ascertained by visual observation of its fluorescence (506). 

Fluorescence cannot be excited in crystalline lanthanum acetate 
containing praseodymium as impurity. If, by calcination, the crystals 
are transformed into lanthanum oxide, they become ' 'praseody- 
mium-activated lanthanum oxide phosphors” [La203(Pr) -phosphors] 
and are able to emit a brilliant green luminescence. Similarly, the 
other tri valent rare-earth ions, marked as such in Table 91 (Nd 
Er, Tm), are luminescent when they are contained as “activators” in 
crystal phosphors, the fundamental lattices consisting of sulfides, 
oxides, fluorides, nitrates, sulfates, or tungstates of various metals 
(see Table 96) [505j6g3j6g4). 

This list could probably be prolonged considerably. Neodymium is 
marked as questionable, because the compounds activated with Nd 
are reported to exhibit a visible luminescence, while the characteristic 
Nd-lines are all situated in the infrared. It is not improbable that the 
luminescence of crystals activated with neodymium is caused by the 
presence of traces of another rare earth, as was proved for the visible 
fluorescence of neodymium glasses. 

The luminescence spectra of these phosphors are of the same type 
as those treated in the preceding paragraphs ; they consist of line groups 
which can be ascribed at least in part, to transitions between definite 
electronic levels within the 4/-shell. The emission lines of neodymium 
lie between 8700 and 11200A. The fluorescence of praseodymium 
stretches over the whole visible region into the infrared, from 4000 to 
10650A. In contradistinction to the fluorescence of Sm or Eu, the 
visible part of the praseodymium spectrum consists of two overlapping 
sequences of lines which, in general, appear simultaneously but with 
different relative intensities, depending on the manner of preparation 
of the phosphor, on the temperature of observation, and on the 
wavelength of the exciting light. One spectrum has its maximum 
intensity in the red and the other in the blue-green ; thus, the color 
of the luminescence varies according to which of the two spectra 
prevails in the emission (3y 0,503, 861, 862, 14g6), 

The emission spectrum of erbium imbedded in calcium fluoride 
consists of only two line groups. One, in the green-yellow between 
5507 and 5670A, is relatively strong, while the other, in the red-orange 
between 5615 and 6630A, is very weak. The latter is exceptional 
insofar as it corresponds, according to Gobrecht, to transitions between 
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Table 96 

Synthetic Phosphors Activated with Rare-Earth Metals 


Rare earth 

Base materials 

Samarium . . . . 

. Oxides; Be, Mg. Ca, Sr, Al, Y, La, Si, Ti, Ge, Zr, Th 
Sulfides: Mg, Ca, Sr, Ca-Sr, Ba, Zn 

Fluorides: Be, Mg, Ca, Sr, Ba, Al, Sc 

Nitrate: K 

Borate: Na 

Tungstate; Ca 

Sulfates: Li, Na, K, Rb, Mg, Ca, Sr, Ba, Cd, Al 

Europium . . . . 

Oxide: Ca 

Sulfides : Ca, Sr, Ca-Sr 

Fluorides: Ca, Y 

Tungstate: Ca 

Sulfates: Mg, Ca, Sr, Ba 

Terbium 

Sulfides: Ca, Sr 

Oxides; Ca, Sr 

Fluoride: Ca 

Praseodymium . 

. Sulfides: Ca, Sr, Ba 

Oxides; Be, Mg, Ca, Sr, Al 

Fluorides: Ca, Sr, Ba 

Sulfates: Ca, Sr, Ba, Pb 

Tungstate: Ca 

Neodymium? 

Oxide: Ca 

(doubtful) 

Sulfides: Ca, Sr 

Sulfate: Ca 

Tungstate: Ca 

Silicates: Mg, Ca, Sr, Cd, Zn, La, Hg 

Titanate: Zn 

Zirconate: Zn 

Erbium 

Fluoride: Ca 

Thulium 

Oxide: Ca 

Sulfate: K 

Gadolinium . . . 

Fluoride: Ca 


the various multiplet levels of the ground state ^7 (with /-values 
oanging from to ( 503 ). Photoluminescence of thulium has been 
rbserved only when the element is contained as activator in calcium 
sulfate crystals, the spectrum consisting of twelve lines which are 
spread over the whole region from 4500 to 10225 A ( 505 ). 

It is noteworthy that not only do the rare-earth ions which are not 
fluorecent as pure salts become photoluminescent as activators of 
crystal phosphors, but that if samarium is incorporated in such a 
phosphor (e.g., CaO), new line groups appear in the spectrum which 
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are never observed in pure samarium salts. These new lines in the blue, 
between 4036 and 4895A, are rather diffuse and apparently correspond 
to transitions from a higher electronic level which is less well protected 
from perturbations. 

At low temperatures the fluorescence lines of all crystals emitting 
the spectra characteristic of rare-earth ions are much sharper than at 
room temperature ; this is true for pure salts as well as for rare-earth- 
activated crystals. In many cases the lines merge into each other at 
room temperature and the line groups are completely resolved only 
when the crystals are immersed in liquid air. Under these conditions, 
some of the lines observed at room temperature disappear from the 
spectrum because they originate from levels which are not populated 
when thermal equilibrium is established at the low temperature. 

142. Solutions in Liquids and Glasses. The rare-earth ions which 
are fluorescent in pure crystalline salts preserve their fluorescence 
power in liquid solutions, and the fluorescence yield, the approximate 
wavelength of the line groups, the structure of the latter, and the 
excitation spectra are similar to those of the solid salts. Samarium, 
europium, and terbium can be identified by visual observation of the 
fluorescence of their salts in aqueous solutions at concentrations be- 
tween 10“^ and IQ-^ molar. In general, the lines forming a group are 
less sharply separated and merge into continuous bands in which they 
are distinguishable only as intensity fluctuations. Single lines, such 
as the europium line 0' 0", however, retain a considerable sharpness, 

the europium line having a half-width of about 6A in a dilute aqueous 
solution of europium chloride or europium nitrate. The lines of 
gadolinium sulfate in aqueous solutions are also relatively narrow and 
coincide with those of crystalline Gd 2 (S 04)3 to within a few angstroms 
(Table 93 ) {282). 

When the salts are not completely dissociated, as at higher 
concentrations in aqueous solutions or in solutions of complex 
organic compounds in organic solvents, the spectra of a given rare- 
earth ion — for instance, of Eu+++ — show considerable variation in 
their structure which are analogous to those observed in the solid 
salts. A second component appears, for instance, in the aqueous 
solutions of europium nitrate at the long-wavelength side of the 0' O'" 

line at 5790A and increases in intensity with increasing concentration. 
The same result is obtained if the number of nondissociated Eu 2 (S 04 ) 3 - 
molecules is increased in a dilute solution by addition of sodium sulfate. 
Other examples of the difference between the fluorescence spectra of 
different salts in solutions and their analogy to the spectra of the solid 
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salts are shown in Figure 157 {503, 824, 864, 86^a,86^b, 1484a, 1484b, 
1483). (The fluorescence of rare-earth salts in liquid ammonia has 
also been described). 

Visible fluorescence of rare-earth salts excited by short-wave- 
length u.v. in aqueous solutions 
was observed as early as 1880 
by Soret ; his experiments have 
been , repeated and improved by 
Stark and Steubing and by 
Tomaschek and his collaborators 
(1552). Most of the rare earths 
which are to be mentioned here 
do not belong to the group of 
elements which are fluorescent 
as pure salts, according to Table 
91. As far as Soret ’s results are 
concerned, the purity of the salts 
at his disposition and the assign- 
ment of the observed lumines- 
cence to specific elements may 
be doubted ; in general, these assignments are not in good agreement 
with results of later investigations. All emission bands lie in the violet 
and the near u.v. and are diffuse without any sign of structure. 

Table 97 

Fluorescence Bands of Rare-Earth Salts in Aqueous Solutions 
Excited by Short-Wavelength u.v. 

[Approximate limits of bands, and (in parentheses) maxima, in A; the 
strongest bands in italics^ 


Element 


Bands 


Eu 

4550-4300 

4070-4200 

3108* 


Er 

— 

4250-3100 1 

— 


Pr 

4800-4415 

1 

3890-3300 

(3570) 

297O-2630*t 

(2790) 

2520-2300*t 

(2420) 

Nd 

4650-4115 

3800-3300 

2970-2650*t 

2550-2300t* 


(4520) 

(3530) 

(2800) 

(2420) 

Ce 


3900-3200 

(3520) 

— 

— 

La 

— 

3900-3200 

— 

— 


* Narrow band. 

t Excited only by light of A < 2300 A. 


1 

M _ /n/w 

Ml AA /IAA 


A yi 

/\ 

^ 1 

M A 

liL 


I 2 


Fig. 157. Fluorescence of europium 
salts -- crystalline and in solution 
(Gobrecht). 

a: sulfate, crystalline. h\ sulfate, 
in aqueous solution. c\ acetate, in 
aqueous solution, ri: acetate, 
crystalline. 
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Mukerji concludes from the almost complete identity of emission 
bands in the last four rows of Table 97 that they are produced 
in all cases by the same mechanism. Since lanthanum has no 
electrons in its 4 /-shell, he assumes that the fluorescence is excited 
by the transition of an electron from the HgO solvation envelope 
to an outer electronic level of the rare-earth ion. Fluorescence of a 
pure solid lanthanum salt has never been observed. On the other 
hand, the fluorescence spectra of solid and of dissolved cerium salts are 

almost coincident and the fluores- 
cence has been ascribed to the 
transition of the 4 /-electr 6 n to an 
orbit outside of the xenon shell. 
The contradiction between the two 
hypotheses has not been cleared up 
{ 504 JoSg). 

. Filippov, Larinov, and Seidel 
have pointed out that the typical 
line fluorescence of terbium and 
europium salts in aqueous solutions 
could be excited by light of wave- 
lengths below 2500 A with far greater 
intensity than by the radiation 
which was absorbed in the visible 
and near-u.v. bands of the ions. If 
the solutions were irradiated with 
the light from an iron spark, the 
fluorescence disappeared almost com- 
pletely when a filter absorbing the 
wavelengths below 2500 A was in- 
serted in the path of the primary 
light (388, 824, 864, S65a, 865b J484a, 1484b ,1485 ) . 

The fluorescence properties of solutions in glasses are, in some 
respects, intermediate between those of crystals and of liquid solutions, 
while, in other respects, the crystals seem to be closer to the liquid 
solutions than to the glasses. The fluorescence lines of europium or 
samarium are more diffuse in glasses than in liquid solutions, and the 
structure of the groups which can still be recognized reveals a higher 
degree of asymmetry of the molecular fields in the glasses. While in 
liquids the symmetry is spherical as a statistical average, the most 
complete asymmetry resulting from random distribution is ‘'frozen 
in” in the glasses. Figure 158 shows the photometer curves of the 



i/ *0 I 2 

Fig. 158. Fluorescence band of 
trivalent europium (Tomaschek) 
a: in a glass, b: in aqueous 
solution. 
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first three groups of the europium spectrum in a phosphate glass and 
in a dilute aqueous solution of europium nitrate. The spectrum of the 
glass shows the structure corresponding to the Stark effect in a field 
of highest asymmetry, with three components in the group 0' -> T' 
and five components in the group O' -> 2". Furthermore, the 0' 0" 

line is shifted even more in the direction of greater wavelengths than 
in the dilute europium nitrate solution* (i6gSa,i6g8b). 

On the other hand, several rare earths, the line fluorescence of 
which cannot be excited in liquid solutions, exhibit fluorescence when 
they are dissolved in solid glasses. Didymium glasses have been used 
since the end of the nineteenth century for lectun^ experiments 
demonstrating the fluorescence of solids. Their fluorescence spectrum 
used to be ascribed to their content of praseodymium and neodymium, 
to which they owed their pinkish color. The strong orange fluorescence 
of most didymium glasses, however, has been shown to belong to 
traces of samarium, while the fluorescence of neodymium, in didymium 
glasses as well as in so-called pure neodymium glasses, is limited to two 
strong infrared bands at 8090 and 8820A. The other fluorescence bands 
of didymium glasses or of pure praseodymium glasses are listed in 
Table 98. Although showing no fine structure, the spectrum is very 
similar to those of phosphors activated with praseodymium. In glasses 
of different origin the two band groups designated in Table 98 by a 
and h have very unequal relative intensities and in some samples 
group h is almost completely missing. Furthermore, a glass which 


Table 9<s 

Fluorescence Bands of Praseodymium CtLass 
(Wavelengths in A) 


Limits of baud 

Maximum 

i ^ 

,imits of band 

j Maximum 


r()50() 

6500 narrow, st. 


f4850 

1850 narrow, w. 


0150-6150 

6300 diffuse, m. 



1 

1 

16150-6400 

6100 V. st. 


1 4820 

4820 narrow, m. 


r5620-5500 

5550 V. st. 

] 

4600-4560 

4580 m. 

b\ 

54110-5350 

5380 V. st. 


,4350-3900 

4350 m. 

L51 70-5100 

5140 m. 





* Tomaschek's conclusions, according to which the spectra of the aqueous 
solutions reveal a higher degree of field symmetry than those of the glasses, are 
not in agreement with the relatively greater intensity of the forbidden 0' ->- O'' 
line in the aqueous solution spectra, since this line is supposed to appear only 
under the action of highly asymmetric fields. 
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shows both groups with similar intensity when irradiated with white 
light emits only the bands of group a when excited by yellow light and 
only group h when excited by near u.v., while with blue light both 
groups are excited. The fluorescence bands designated by c in I'able 
98 are not emission bands of a rare earth but are caused by the super- 
position of strong absorption bands of the rare earths on the weak 
continuous fluorescence of the other components of the glass { 2 yg, 826 , 
1297 )- 

While praseodymium and neodymium are not fluorescent in 
borate or phosphate melts if these are not de vitrified, the fluorescence 
of thulium in borax beads has been observed. 

143. Fluorescence of Divalent Ions. Alkali halides which have 
crystallized with traces of a europium halide from an aqueous solution 
emit the line fluorescence characteristic of the Pm+^'^+-ion. If the 
crystals are heated to a temperature above 200'" C, the lines are re- 
placed in the fluorescence spectrum by a continuous band in the blue 
between 4230 and 4450A. The wavelength of this band is only very 
slightly influenced by the nature of the alkali halide serving as base 
lattice (JJJJ). The appearance of the new fluorescence is caused by the 
transformation of the trivalent rare earth into the divalent modi- 
fication. The same effect is produced by irradiation of europium 
imbedded in fluorite, calcite, or calcium sulfate with x-rays or j8-rays. 
By the same treatment trivalent samarium thulium, and ytterbium 
are transformed into their divalent ions, which are also fluorescent. 
The wavelengths of the maxima of their emission bands are listed in 
Table 99. The red bands of Sm"^ ^ and of Tm++ very nearly coincide, 
but they can be distinguished by their different dependence on 
temperature. The band fluorescence of the divalent rare-earth metals 
is observed only in relatively narrow temperature ranges, indicated 
in the last row of Table 99. The ions are not destroyed by transgressing 
these temperature limits, however; the temperature effect is rever- 


Table 99 

Fluorescence Bands of Divalent Rare-Earth Ions 
(Wavelengths of maxima in A) 


Element j 

Samarium 

Europium 

Thulium 

Y tterbium 

Color of fluorescence 

red 

blue 

red 

green 



6200 j 

4290 

6200 

5700 

Temperature limits, ° C . . . . 

0-50 

0-100 1 

< —60 

! < —60 
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sible and the fluorescence is restored by re-establishing the corre- 
sponding temperature. The fluorescence is excited by irradiation with 
light of the near u.v. The concentration of Sm++ and Eu++ necessary 
for producing an appreciable fluorescence intensity is exceedingly low; 
it is of the order of magnitude of 10~^ % for europium in NaCl, and 
of only 5- 10“® % for Sm in CaS04. 

The blue fluorescence of Eu++ has also been observed in pure 
crystalline EuClgi if the crystals of EuCla are contaminated with 
traces of samarium (which is almost always the case), the red Sm++- 
band appears in addition to the blue Eu++-band in the fluorescence 
spectrum after irradiating the salt with jS-rays [1311,1313,13140). 



I'ig. 159. Line fluorescence spectrum of divalent 
europium in strontium fluoride (Katcofl). 

<7: u.v. series. b \ red and infrared series. 


If a borax bead containing europium has been heated in the re- 
ducing zone of a Bunsen flame, it emits, instead of the orange-red 
fluorescence of Eu+++, a greenish fluorescence which has not been 
analyzed spectrographically and which also has been ascribed by 
Gobrccht to divalent europium. Furthermore, Gobrecht obtained a 
weak fluorescence with a continuous spectrum reaching from the 
green to the red in borax beads activated with cerium, praseodymium, 
or ytterbium and assumed this fluorescence to be due to the presence 
of divalent ions of these elements (50^). 

While the fluorescence spectra of divalent rare earths described 
in the preceding paragraphs consists of relatively broad bands and 
are essentially different from the spectra of the trivalent ions, Katcoff 
obtained at low temperatures in the fluorescence of Eu++ imbedded 
in SrFg a series of equidistant narrow lines which were superimposed 
on the diffuse blue-violet band. The last of these lines, at 3991 A 
(Figure 159fi), coincides with the first line of an absorption series 
which stretches with the same constant spacing of 100 cm""^ far to the 
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ii.v. In addition, several fluorescence lines were found in the u.v. 
near 3150A and about forty lines in the extreme red and the near 
infrared (Figure 1596). A theoretical interpretation of these line spectra 
has not been given, but they may also be ascribed to electronic trans- 
itions inside the incomplete 4/-shell which are modified by the ad- 
dition of a 6s-electron outside the closed neon shell. No fluorescence 
spectra of this kind were obtained when the Eu++-ions were incorpo- 
rated in hydrated strontium chloride (SrClg- GHgO) or in other alkaline- 
earth halide crystals {731). 

A scries of about twenty lines between 6885 and 8981 A was ob- 
served by Tomaschek in the fluorescence sp(‘ctrum of samarium which 
was imbedded in CaS ()4 and excited by strong u.v. light. While 
Tomaschek and Gobrecht ascribed these lines to Sm++^, Przibram 
brought forward verv convincing arguments for his assumption that 
they belong to the divalent samarium ion (See Section 170) (50J, 
I3i4aj6g6,i6gg). 


B. Uranyl Salts 

144. Band Spectra of U02‘'’+-Ion8. Fluorescence of uranium salts 
has been the subject of investigations since the days of Stokes and E. 
Becquerel in the middle of the nineteenth century. Although it led 
indirectly to the discovery of radioactivity by H. r3ecquerel, the fluo- 
rescence of uranium salts is in no way connected with their radioactive 
properties or with the fact that they contain, in general, various 
radio-active elements as minute impurities. It is certain, furthermore, 
that the fluorescence is not caused by other impurities ‘'activating’' 
the salts. On the other hand, photoluminescence is not a property of 
all uranium salts but only of the uranyl compounds, in which the 
metal is hexa valent and occurs as the ion the uranous salts in 

which the metal is quadrivalent and forms ions UO++ are not photo- 
luminescent. All uranyl salts have absorption and emission spectra of 
the same type, differing only in details; similar spectra are also ex- 
hibited by liquid solutions of uranyl salts, and even in solids such as 
sodium fluoride or calcium fluoride containing uranyl at a concen- 
tration of 10~® molar, fluorescence of the same character can be ex- 
cited.* 

* Among the earlier contributions to the research on the fluorescence of 
uranium compounds the most important are due to Nichols and Merritt and 
their collaborators. Their results are collected in a monograph cited in the 
biliography (K). 
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It has already been mentioned that the electronic transition 
corresponding to this absorption and emission is forbidden : the molar 
absorption coefficient is abontonehundred thousandth that of a dye so- 
lution and the duration of the “slow fluorescence” of the crystalline salts 
is of the order of magnitude of 10~^ sec. Nevertheless, the fluorescence 
yield of many of these salts is very high and may approach 100%. 

In contradistinction to the spectra of the rare-earth ions the 
absorption and fluorescence spectra of the uranyl salts are typical 
band spectra (Figure 160). The 
fluorescence spectra are produced 
by transitions from a single ex- 
cited electronic state to the 
ground state, upon which several 
nuclear vibrations and perhaps 
also lattice vibrations are super- 
imposed [342). Obviously these 
spectra are progressions of the 
type v' ™ 0, 7’" — 0, 1,2 . . .with a 
principal vibrational frequency near 830 cm~^; the fluorescence 
progressions are continued in the direction of shorter wavelengths by 
similar progressions in the absorption spectrum which are of the 
type v" — 0, 7’' “ 0, 1, 2 . . . with a spacing ~ 650 cm”h 

Nichols and Merritt and their co workers tabulated the wavelengths 
occurring in the spectra of many uranyl salts as series of regularly 
spaced band groups which at room temperature were still broad and 
diffuse, but at the temperature of liquid air could be resolved into 
numerous narrow lines. With relatively small variations these lines 
are repeated in each group (“homologous lines”). Table 100 repro- 
duces the fluorescence spectrum of uranyl nitrate as an example of this 
kind of representation. The horizontal rows in Table 100b represent 
the various band groups, and the vertical columns under every 
heading [A, B . . .) represent series of homologous lines [K). 

While this representation was purely formalistic, interpretations 
of the uranyl spectra based on the quantum theory of band spectra 
were proposed by Van Heel and later by Pant. These interpretations 
were not satisfactory in several respects, however, and have been 
superseded by a much more correct and complete analysis of the 
spectra* (ii8g,iigob, 1^36-1^38). Important progress was achieved 

* Declassified report prepared by G. H. Dickc, A. B. F. Duncan, and co- 
workers. A condensed abstract of this report was prepared by T. Biegeleisen, 
G. H. Dieke, A. B. F. Duncan and M. G. Mayer for publication in Physical Review. 



Fig. 160. Fluorescence spectrum of 
uranyl ammonium fluoride at 
- 1 C (Nichols and Merritt). 
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Table 100 

Fluorescence Bands of Uranyl Nitrate 
(A in A, V in cm”^) 

A. At Room Temperature 



- 

Approximate 

1 Baud maxima 

Av 

1 


band limits (A) 

A 

V 

0 

5 

6212-6150 

6188 

16160 

887 

0 

4 

5941-5840 

5866 

17047 

858 

0 

3 

5630-5550 

5585 

1 7905 

860 

0 

2 

5360-5280 

5329 

18765 

897 

0 

1 

5120-5060 

5086 

19662 

866 

0 

0 

4900-4850 

4869 

20538 

702 

1 

0 

— — 

4708 

21240 



B. At — 180'" C (v\ -- 0) 


V 

1 

r " — 1 
! A 

» i 

c j 

D 

E 1 

F 

G 

H 

J 

K 

6 







6515 vw 

6493 VW 











5 


— 

— 

6169w 

6139w 

6131 m 

— 

6061 vw 

— 

6002 vw 

4 

— 

5917 vw 

5885 w 

5858m 

5831 m 

5821 w 

— 

5767 vw 

— 

5680 vw 

3 

5682 vw 

5634 w 

5602 w 

5578st 

5556 St 

5544 m 

5525 w 

5489W 

5476 VW 

5440 vw 

2 

5417VW 

5373m 

5351 w 

5325 St 

5305 St 

5291 mi 

5269 w 

5241 m 

5230 vw 

5200 vw 

1 

5149 w 

5136m j 

5112 w 

5092 St 

5068 m 

5052 nl 

5042 vw 

4950 m 

— 

— 

0 

4956 m 

4914st 

4897 m 

4878m : 

1 

4856 w 

4840 \v\ 


— 

— 

— 


by the following means: the use of spectrographs of great dispersion, 
such as a 21 -foot grating; use of liquid hydrogen for cooling the 
samples; introduction of various isotopes such as 0^®, and 
into various compounds. This last procedure has made it possible not 
only to build up a general energy-level scheme for the representation 
of the main lines, but to ascribe practically all important lines to 
specific vibrations within specific groups, such as UO^+, NOg, and 
C2H3O2 (Figure 161 ). 

The main feature of all uranyl fluorescence spectra, appearing 
alone in weakly exposed spectrograms, is the superposition of three 
vibrational frequencies on a single electronic transition or 0-0 line 
which is called the resonance line R. The three vibrational frequencies 
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Fig. 161. Fluorescence spectra of uranyl salts. 

1 ; First and part of second group in the fluorescence spectrum of cesium 
uranyl nitrate, 

2: Second group in the fluorescence spectrum of cesium uranyl nitrate 
(lines due to the nitrate ion marked D, E . . . K, A-fE etc). 

3: The same with 70 ^’o in the nitrate ion (the displaced nitrate lines 
are marked below the six^ctrum). 

4 : First and second group in the fluorescence spectrum of cesium uranyl 
chloride. 

5: Same with 1.4% in the uranyl radical (the displaced line: A and 
B arc marked Ixdow the spectrum; the letters in brackets designate 
"impurity lines"). 


correspond to the three modes of vibration of the uranyl ion OUO 
which is a linear, or at least nearly linear, molecule. The frequency 
of the first oscillation O-U-0 is ^ ~ 830 cm~^, that of the second 

oscillation O-lJ-0 is B ^ 920 cm""^, and that of the third or deforma- 

t t 

tion oscillation 0~U-0 is C ^ 230 cm~^. A appears in the spectra 

'I' 

with quantum numbers = 0, I, 2 ... 8, B and C only with quantum 
numbers 0 and 1, and only one of them (B or C) is superimposed on 
every v"A — for instance, R-2A~B or R-2A-C. 

Thus the “first group” of a fluorescence spectrum consists in 
this simplest case of only two lines, R and R-C, while the second and 
all following groups consist of three lines, R-d'^A, R-ti^A-C, and 
— 1)A~B. The oscillation with the frequency A is not strictly 
harmonic ; A decreases, in general, with increasing values of v^. Since 
this holds also for the frequency B as a function of and A and B do 
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not vary in the same way with increasing 7^^, it follows that the various 
groups are not exact repetitions of each other. B being greater than A, 
tlie line R-v[A-B falls into the group beginning with + ^)A. 

In many spectra the lines corresponding to the frequencies A and B 
«and in practically all spectra those corresponding to C are split into 


Group I 2 3 



Fig. 162 . Energy levels for the first three groups 
of the fluorescence spectrum of CsU02(N03)3. 

Heavy lines: UOg-vibrations; light lines: NO3- 
vibrations. The C and to levels are multiplets; 
concerning the interpretation of compare 

Table 103 . 

several components, probably because of the internal electric and 
magnetic fields existing in the crystals. In addition to these principal 
lines numerous weaker lines appear in all spectra and an appreciable 
part of these can also be ascribed to definite molecular vibrations 
(Figure 162). 

The spectrum of cesium uranyl nitrate, which has been investi- 
gated very thoroughly, provides a typical instance of such an analysis. 
At the temperature of boiling hydrogen 236 lines were observed 
(compared with the 48 lines listed in Table 100b) and the origin of 
about 100 of the stronger lines could be ascertained. Twenty-nine lines 
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correspond to the R-lmc and to the three UOg-oscillations A, B, and 
C superimposed on the electronic frequency R. They are represented 
with good approximation by the equation: 

V = 21089.56 — Vj- 885.5 — 1.5 — 7;2 (950 — 4.75) — C 

where == 0, 1, 2 . . . 6; = 0, 1 ; rg — 0, 1 for = 0 and t'g == 0 
for 7’2 — 1. C is split into three components: 209--2 13-222 cm~\ 
with their center of gravity at about 214, practically independent of 
the value of v^. Another set of four relatively strong lines, which is 
repeated in every group with a average frequency of 260 cm~^, has 
also been ascribed to the C-vibration, so that the latter would be 
esolved into a doublet with a spacing of about 146 cm~^, each 
omponent consisting of a narrow multiplet. 


1 


lihLii 


1 

( 

1 I 1! 1 

[i 
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1 

1 

rniTi 

hr 

tnriTrrmnT 


I I I I 

1 / = 18000 19000 20000 21000 cm'‘ 

Fig. 163. h'luorescence spectrum of uranyl 
ammonium chloride at 2(F C (Nichols and 
Merritt). 

By partial substitution of for some weak lines of the 
compound prepared with atmospheric oxygen (0.2 % and 0.04 % 

were identified as belonging to groups 0^®-U-0^® and O^'^-U-0^®. 
On the other hand, by replacing 70% of the nitrogen by and 
determining which lines were vshifted under these conditions, 42 lines 
were proved to belong to the NOg-group. 

The ion NO3"" has four modes of vibration, which in sodium 
nitrate have the values: — 1050, a>2 = 1390, cog = 831, and 0)4 = 

720 cm“^; since every group in the fluorescence spectrum contains 8 
lines associated with NO3- vibrations, some of the normal modes must 
be split into several components by the interaction with other NO3- 
groups or with UOg-groups (compare Table 103, and Figures 161 and 
162.) 

From spectra obtained with samples which were greatly enriched 
in it could be concluded that in the spectra of the normal salts 
weak companions of the lines represented by R-v^A-B were due to 
the presence of small amounts of the spacing between the main 

lines and the companions is about 0.7 cm*”^. The fact that no com- 
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panions of this type are found near the lines R~i\A justifies the as- 
sumption that the UOg-group is (nearly) linear so that the frequency 
of the symmetrical oscillation A is not affected by a change in the 
mass of the central nucleus. It is true that the symmetrical oscillation 
A and the asymmetrical oscillation B should not occur simultaneously 
superimposed on the same electronic transition in the spectrum of a 
linear molecule, but this selection rule may be invalidated by the 
existence of intermolecular forces in the crystal lattice. The relative 
intensities of the B-lines differ greatly in diffcTcnt compounds; they 
are exceedingly low in the spectra of simple uranyl salts, such as the 
nitrate, etc. (see following section). 

The frecpiencies of vibrations belonging to the KCVgroup [D, E ... 
/, K) are not changed by th(' introduction of instead of 
they are independent also of the value of v[. 

Additional lines which are repeated with great rc'gularity in 
every group of the CslJ02(N03)3 spectrum are obviously due to tin* 
presence of unknown impurities, since their relative intensities vary 
to a high degree in different samples of salts which have allegedh^ the 
same chemical composition. The position of th(‘se lines in the groups 
leaves no doubt that the}^ are characteristic of another uranyl salt and 
most probably of another nitrate, but they cannot b(' identified with 
lines in any spectrum which has been investigated. Calcium uranyl 
nitrate has been proposed tentatively as the source of tliese impurity 
lines in the spectrum of CsU()2(N03)3. 

Most of the other lines not included in the classes enumerated 
above are probably due to lattice vibrations. 

At the temperature of liquid hydrogen only the very lowest vi- 
brational levels are populated in the excited electronic state as well 
as in the ground state. Therefore, the fluorescence spectrum begins 
at its short -wavelength end with the i^-line (the O'-O" line) and only 
this line is common to the emission and the absorption spectrum. At 
higher temperatures the levels corresponding to the oscillations with 
quantum number \ {C, D, E . . . A, A + C, etc.) are partially occupied 
in the excited and the ground state and thus the lines in every group 
become much more numerous; due to this effect and the increasing 
width of the individual lines, the structure of the band groups be- 
comes diffuse. Moreover, not only is the complete first group of the 
fluorescence spectrum repeated at higher temperatures in the ab- 
sorption spectrum, but the two spectra overlap even in the groups 
I'-O'' and O'-K, the first being relatively weak in absorption, the 
second in emission. 
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This behavior is illustrated by the figures of Table 101, which 
lists the strongest fluorescence and absorption bands of potassium 
uranyl sulfate at 20° C. The table shows also the jump from 660 to 
830 cm“i in the spacing of the band groups which occurs at the point 
of transition from the progression v' — 0, = 0,1, 2 . . . to the 

progression ?/' — 0, — 0, 1,2... The rather large irregularities in 

the values of the Av are due to the fact that they represent the 
distances between peaks of diffuse band groups which may not corre- 
spond exactly to the distances between homologous lines {Kjiiy), 
The fluorescence spectrum attains its highest intensity in the 
second group with v' — 1 and rapidly becomes weaker with increasing 
wavelengths; six to seven band groups can be observed in most fluo- 
rescence spectra and only in exceptional cases can a progression be 
followed up to t/' = 9. The absorption spectra stretch over a wider 
range: even in the absorption spectrum of uranyl sulfate in aqueous 
solution as many as sixteen nearly equidistant bands have been 
observed (Table 101). However, the spacing of these bands, which at 

Table 101 

Principal Absorption and Fluorescence Bands of Potassium 
Uranyl Sulfate at 20° C 
(K in A, V in for band peaks) 


v' 

" 1 


Absorption 



Fluorcscrncc 


! 

7 

V 

/J'l' 1 



Ai> 

4 

0 

4350 

22989 









629 




3 

0 

4472 

22361 

688 




2 

0 

4014 

21637 

665 




1 

0 

4760 

21008 

683 

4765 

20986 

661 

0 

0 

4920 ’ 

20325 j 

820 

4920 

20325 

832 

0 

1 

5127 

19505 


5130 

19493 

836 

0 

2 




5306 

18657 

819 

0 

3 




5606 

17838 

834 

0 

4 




5881 

[ 17004 

849 

0 

5 




6190 

1G155 
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their short-wavelength end near 3100A merge into a strong continuum, 
is also not quite regular; the bands become very diffuse in an inter- 
mediate region and have their greatest intensity in the fifth or sixth 
group. These strong deviations from the so-called principle of mirror 
symmetry is explained by the analysis of the low-temperature ab- 
sorption spectra of solid uranyl salts. According to this analysis the 
bands in the absorption spectrum arc du(^ only in small part to the 
electronic transition which corresponds to the fluorescence emission, 
while other parts of the absorption spectrum are produced by tran- 
sitions to several higher electronic states.* From all these excited 
states the electrons always pass by radiationless processes into the 
lowest level of the lowest excited electronic state and thus the fluo- 
rescence spectra are completely independent of the wavelength of the 
absorbed exciting radiation {Kj 288 , and footnote on page 481). 

Even at the temperature of liquid hydrogen the various fluores- 
cence lines in a given fluorescence spectrum vary greatly with respect 
to their width. Some are as sharp as the iron lines of the comparison 
spectrum, others are broad with sharp edges, and still others are 
diffuse. In part the broadening of certain lines may be caused by a 
resonance effect ; the lines which are characteristic of impurit}’ 
molecules, or of those molecules containing isotopes of small concen- 
tration, and which are not affected by interactions with neighboring 
molecules of the same kind, are among the sharj)est. On the other hand, 
the lines attributed to lattice vibrations are more diffuse than those 
ascribed to vibration in the groups UOg, NO3, etc. The lines of the first 
group (with v\ ~ 0) are, in general, appreciably sharper than those 
in the following groups, and this may be interpreted by the assumption 
that the coupling is partly produced by vl -vibrations. However, 
in the higher groups also, very sharp lines are found and a general 
interpretation of these differences is not yet available. 

The additional broadening of the lines occurring at higher tem- 
peratures is usually asymmetric, more to the red, and is accompanied 
by a shift in the direction of greater wavelengths. This shift is the 
same for all principal lines (i^. A, B, and C) and is nearly constant 
over a wide temperature range (about 0.17 cm“^ per degree in the case 
of cesium uranyl nitrate) {86, and footnote on page 481). 

The polarization of the lines in the fluorescence spectra of uranyl 
salts (compare Section 122) can be observed only when the lumi- 
nescence is emitted by a single crystal and not, as in most instances, 

* A complete treatment of these absorption band systems would exceed 
the scope of this book. 
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by a microcrystalline powder. The experiments are handicapped by 
the fact that even in well-developed crystals the surface layers from 
which most of the fluorescence emanates are more or less disturbed ; 
therefore, lines which should be completely absent in the ordinary or 
extraordinary spectra appear only as weakened in one or the oth<T. 
Cesium uranvl nitrate crystallizers in the hexagonal system. If the 
fluorescence of a CsU02(N03)3 crystal is observed in a direction per|xm- 
dicular to the optical axis, the .4 -lines show no appreciable polariza- 
tion, the /)-lines and the C-line components of frequencies ~ 213 
cm”^ are' stronger in the ordinary spectrum, while the C-multiplets of 
frequencies ^ 260 enr'^ arc stronger in the extraordinary spectrum. 
One line among those attributed to NOg-vi brat ions {F, with the 
frequency 739 cm~h i'"’ polarized prefenmtially, with its electric vector 
parallel to the optical axis ; the other NO^-lines seem to be unpolarized. 
Similar results w(‘re obtained with the biaxial crystals of CsUOgCl^. 

These somewhat incomplete n'cent observations disagree in one 
respect with the older data published by Nichols and Merritt and their 
co-workers. Figure 163 n‘presents schematically the fluorescence and 
absorj)tion spectra of j)otassium uranyl chloride. The lines of the 
ordinary spectrum are drawn, as full lines and those of the extra- 
ordinary spectrum as dotted lines. Since no lines of the two systems 
coincide', all are supposed to be completely polarized. The same is not 
true, however, in the fluorescence spectra of all uranyl compounds, 
even as recorded by Nichols and Merritt. In other instances they found 
only some lines to bt^ completely polarized, while others were partially 
polarized so tjiat their intensities were unequal in the ordinary and 
extraordinary spectra, and still others were unpolarized. Homologous 
lines always show the same degree of polarization in every band group. 

'J'he lines below the horizontal in Figure 163 represent the first 
groups of the absorption spectrum which correspond to the same 
electronic transition as the fluorescence spectrum and show the same 
behavior with respect to the polarization of the lines. 

145. Fluorescence Spectra of Individual Crystalline Uranyl Salts. 
The number of fluorescent uranyl compounds which have been in- 
vestigated is very large. They are not only the chlorides, fluorides, 
nitrates, sulfates, carbonates, phosphates, acetates, and oxalates of 
hexavalent uranium but manifold double salts such as CsU02(N03)3, 
which has been treated as a Characteristic example in the last section. 
Among the metals occurring as the second component in these double 
salts the most important are the alkali metals, including ammonium ; 
others are magnesium, zinc, lead, silver, and thallium. Diammonium 

Pringsheim 18 



490 


LUMINESCENCE OF PURE INORGANIC COMPOUNDS 


salts with methyl or ethyl groups replacing the hydrogen atoms in the 
NH 4 -ion also have been investigated occasionally. Certain combina- 
tions — for instance, the sodium double nitrate — cannot be prepared 
(K, 1108-1114,1117, 1120 J12JJ130). 

Although the fluorescence and absorption spectra of all uranyl 
salts are of the type described in Section 146, the spectrum of each 
individual compound has its characteristic properties. These are 
determined principally by the nature of the anion, while the presence 
of a second metal and the nature of this metal in double salts are of a 
minor influence. Thus the spectra of all nitrates, all sulfates, etc., are 
similar with respect to the frequencies and relative intensities of the 
lines corresponding to the vibrations in the UOg-group and to the 
frequencies of the lines due to th(‘ anion group. Examples of this be- 
havior are given in Tables 102 and 103, which list the frequencies of 
thei?-lineand the L-Og- vibrations A and B for numerous compounds, 
and the frequencies characteristic of the NOg-group in various double 
nitrates. The Greek letters in parentheses in Table 103 indicate the 

Table 1 02 

Frequencies R, A, and B, Occurring in Various Uranyl .Salt Spectra 

Nitrates [.MUOaiNO^Ij and MaUOjiNO.,),] 


1 

M 1 

Cs 

Rl) 

1 

K 

NH 4 :i 


R. 1 

UO,(NO,)s 

3HnO 

1 . 6H,0 

R 

21089.6 

21199.4 

21183.0 

21897.7 

20807.3 

20817.8 

20778.7 

20578.3 

A 

884.0 

887.9 

875.5 

885.7 

870.3 

861.3 

874.0 

863.9 

B \ 

1 

956.2 

902.1 

949.0 

959.4 ; 

ii 

949.5 

937.7 

948.1 

941.0 



Chlorides (MjUOaCL) 


Sulfates IMjUOalSOJ,] 


M 

Cs, 

K,-2HjO 

I es,-3H,0 

Rb, 

K, 

(NIL), 

R 

20096.3 

19961.2 

20953.6 

20920.2 

20389 

20358 

A 

836.1 

831.8 

860.5 

838.2 

827 

840 

B 

916.3 

1 903.2 

1 923.1 

I _ 

— 

— 



Acetates [MUO,(CH, 0 ,) 3 l 

Carbonate 

[M,U 0 ,(C 0 ,) 4 ] 

M 

Cs 

Rb 

Na 

NH 4 1 

Mg 1 

Be 

K, 

R 

20992.1 

21099.4 

21135.0 

21056 

20996 

20958 

20943 

A 

842.2 

852.1 

855.2 

847 

___ 

853 

808 

B 

920.0 

924.0 

927.2 


__ 

— 

850 



FLUORESCENCE SPECTRA OF CRYSTALLINE URANYL SALTS 491 


Table 103 

Frequencies Ascribed to NO3-V1BRATIONS in Various Uranyl 
Nitrates [MU02(N03)3 and MgUOalNOal^J 


Symbol 



iiM 


E(o>4) 



/(«>,) 

J ((‘ h ) 


Cs 

! 708.37 

712.73 

739.11 

749.13 

804.56 

1277.5 

1504.0 

1518.9 

K 



— 

742.01 

751.2 

803.14 


— 

— 

Rb, 


687.08 

731.01 

750.71 

825.10 



— 

Ko 
“ 1 


690.76 

735.37 

749.86 

825.39 

— 


— 


modes of vibration of NO3 to which the various frcquencii's have been 
ascribed tentatively (see footnote on page 481). 

In the spectra of other salts with complex anions other lines 
characteristic of vibrations of these anions can be identified. Thus, the 
fluorescence spectra of all acetates exhibit lines corresponding to a 
frequency 610 cm which must b(' due to a vibration of the acetate 
radical; there is also evidence of other acetate vibrations. The presence 
of lines characteristic of the S04-group has been ascertained in the 
spiectra of uranyl sulfates and, although they have not yet been 
disentangled, it is ciTtain that lines due to anion vibrations exist in the 
spectra of carbonates, pihosphates, etc. 

Such lines must be 
missing in the spectra of 
the chlorides and therefore 
the total number of lines is 
appreciably smaller in the 
spectra of the chlorides 
than in other spectra [for 
instance, 1 70 lines observed 
in the spectrum of Csg 1103014 
compared with 237 lines in 
the .spectrum of CsUOg 
(^03)3]* This difference 
would be even larger if the 
number of “impurity lines” 
were not exceptionally large 
in the chloride spectra. 

Moreover, the lines R, A and B are doublets with a spacing 
hv'^2 cm~^; in the spectrum of rubidium chloride the ^4 -lines are 
even quadruple. This splitting does not seem to be caused by the 



Fig. 164. Photometer curves of the third 
group in the fluorescence sj^ectrum of 
CS 2 UO 2 CI 4 at 20 ^^ and 273^ K. 
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presence in the compounds of the two chlorine isotopes and CP’', 
but rather to the low symmetry of the crystals (Figure 162 ). 

The relative intensities of the lines corresponding to the vibrations 
of the UOg-radical differ greatly in the spectra of salts with different 
anions. In the double uranyl nitrates, chlorides, and acetates the 
5 -lines are the strongest, the /I -lines are somewhat weaker, and the 
C-lines are appreciably weaker than the yl -lines (Figures 164 , 165 ). 
In the double sulfates and duorides the 5 -lines are very weak or 
completely absent while the .1 -lines predominate in the various 

groups. This holds also for 
the simple uranyl chloride 
UOgCIo and for uranyl ni- 
trate IT)2(N03)2, which 
exists in modifications with 
various amounts of water 
of crystallization (Table 
109 ). Moreover, the NO3- 
lines are much weaker in the 
simple uranyl nitrates than 
in the double nitrates such 
as CslKIgfNOajg. The struc- 
ture of the C-group depends 
also on the nature of the 
compounds ; in the acetates 
the structure of the C-group 
is very much more complex 
than in the nitrates. In the spectrum of Kb2U02(wS04)2 it consists of 
eight sharp and fully resolved lines. 

The sharpness of corresponding lines in the spectra of closely 
related compounds is different even at 20 ° K. Thus the lines of 
€51102(804)2 -SHgO are all very diffuse, those of the first group of 
Rb2U02(S04)2 *21420 are exceedingly sharp. The lines of the double 
nitrates, which are sharp at 20 ° K, become so broad at room tempera- 
ture that it is difficult to perceive any structure in the individual band 
groups ; the lines of the double chlorides, on the other hand, although 
rather diffuse, can be easily recognized in the spectrum at 300 ° K and 
even the resolution into two components of different polarization can 
be observed (Figures 164 , 165 ). 

The fluorescence spectrum of UOgFg is very weak and shows no 
structure in its groups at the temperature of boiling hydrogen. It 
seems that, in general, the presence of hydrogen, in double ammonium 



h'ig. 165. Photometer curves of the third 
group in the fluorescence spectrum of 
CsoUOaiNOgjg at 20° and 273° K. 
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salts as well as in crystals containing water of crystallization, tends to 
render the fluorescence spectra more diffuse; moreover, water of 
crystallization influences the characteristic frequencies of the inter- 
molecular vibrations (see, for instance, the two simple uranyl nitrates 
in Table 102 ). The bands in the fluorescence spectrum of uranyl 
sulfate at room temperature show two peaks a and ^ separated by 
about 50 A, a being the component of shorter wavelength and having 
the lower intensity. After complete dehydration of the salt by careful 
heating the fluorescence spectrum consists of a progression of simple 
bands y, which are shiftc'd with respect to a by another 50 A toward the 
violet. When the crystals are slowly rehydrated by exposure to moist 
air, the three progressions y, a, and p reappear side by side, but during 
the first phase of tliis process a is much stronger than This behavior 
is greatly in favor of the assumption that a, and y belong to three 
different degrees of hydration (Table 104 ) {Kjriy, and footnote on 
page 481 ). 

'fhe influence of hydration may be due at least partially to the 
fact that it determines the crystal system in which the compound 
crystallizes. According to Nichols and Howes the spi'ctra of the biaxial 
crystals of diammonium uranyl nitrate with two moles of water 
[(NH4)2lK)2(N()3)4-2H20] and of anhydrous K2U02(N03)4 are nearly 
identical, while they differ very definitely from the spectra of the 
trigonal crystals of ammonium uranyl nitrates [(NH4)U02(N03)3J 
and the hexagonal crystals of KU()2(N03)3 (Figure 166 ). It has been 
mentioned previously that in the spectra of the biaxial crystals of the 

Table 104 

Absorption and LTuoricscence Bands of Uranyl Sulfate at Room 

Temperature 

(Wavelengths of band maxima in A) 



Ab-'orption 


1 Fluorescence 

1 

Hydrate 

'd crystals 


Concentrated 
aqnernjs sol. 

1 Hydrated crystals 

i i 

Dehydrated 

1 Concentrated 
acjiieous sol. 


Serif 

'S 


j Series 


a' 


a' 

(i 

a 

1 

a 

4595 

4555 


4555 





— 

— 

4755 

4720 


4720 

4760 

— 

— 

— 

4925 

4880 


4890 

4930 

4884 

4843 

4930 

— 

— 


5095 

5150 

5098 

5049 

5150 

— 

— 


— 

5395 

5340 

5285 

5390 

— 

— 


— 

5659 

— 

5538 

5630 
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alkali uranyl chlorides the 7?-lines are double; a similar doubling 
occurs in the spectra of the biaxial nitrates Cs2U02(N03)4 and 
Rb2U02(N03)4, while the R-lines are simple in the spectra of the 
monaxial nitrates, such as CsU02(N03)3. In the spectrum of sodium 
uranyl acetate, which is known to crystallize in the cubic system, the 

R-line is also simple, but it is double 
in the spectra of other acetates 

(KJ131). 

The fluorescence spectra of a few 
compounds of hexavalent uranium, 
which show little analogy with those 
of the uranyl salts, have been investi- 
gated. Anhydrous UO3 is nonlumines- 
cent at room temperature and at the 
temperature of liquid air; but hydra- 
ted uranium trioxide is fluorescent at 
70° K. There arc several crystalline 
modifications of the dihydrate and the 
monohydrate (hexagonal, rhombic, 
monoclinic, triclinic, and amorphous) 
from which seven slightly different 
fluorescence spectra have been obtai- 
ned. The spectra stretch from 5000 to 
5820A, the limits varying somewhat 
for the different modifications; the 
spectra consist of band groups which 
even at 20° K are rather diffuse ; every 
group has a different structure and 
not even the spacing between the 
band groups is approximately con- 
stant in some of the spectra (see foot- 
note on page 481). 

Uranium hexafluoride is a nonfluorescent gas at room tempera- 
ture, but irradiation with near u.v. excites a strong violet fluorescence 
in solid UFg at 70° K. Eleven irregularly spaced bands with an average 
spacing of 215 cm”’’ have been measured in the spectrum, which 
stretches from 4050 to 4545A with a maximum of intensity at 4220A. 

146. Liquid Solutions and Glasses. The fact that the character of 
the fluorescence of uranyl salts in liquid solutions depends on the 
nature and the concentration of the salt and on the nature of the 
solvent proves that the isolated UGg’^’^-ion is not the carrier of the 


5270 A 


5200 A 

Fig. 1 66. Structure of the band 
at 5250A in the fluorescence 
spectra of various uranyl ni- 
trates (Nichols and Merritt). 
a: diammonium nitrate 
(monoclinic), b: dipolas- 
sium nitrate* (monoclinic). 
c: ammonium nitrate (tri- 
gonal). d: potassium ni- 
trate (rhombic). 
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luminescence in these solutions. On the other hand, Levshin’s claim 
that the fluorescence of uranyl compounds in liquid solutions is 
characteristic of the undissociated molecules cannot be accepted as 
a general law. According to Levshin’s observations the emission and 
absorption spectra of a salt in solution are always much more closely 
related to the spectra of the same salt in the crystalline state than to 
those of other salts in solution. However, some of Levshin’s own data 
disagree with his hypothesis. The wavelengths of the fluorescence 
bands of uranyl sulfate in aqueous solution which he tabulates lie 
much nearer to those of the crystalline nitrate than to those of the 
crystalline sulfate (9/6). Apart from this purely accidental coincidence 
the great variety of spectra of dissolved uranyl salts published by 
Nichols and his co-workers leaves no doubt that these spectra originate 
from a correspondingly great variety of complexes which are formed 
partially by polymerization and partially by interaction with the 
solvent. 

In principle, three classes of spectra can be divStinguished. In the 
first class the solution sj>ectra are closely related to the .spectra of the 
undissolv('d salts, <;xcept that the last remnants of line structure are 
blurred out and that the band peaks are shifted in one or the other 
direction. The spectra of the second class are still discontinuous, but 
their structure differs essentially from that of the crystalline salts. 
The spectra of the third class are continuous, stretching from the blue 
to the yellow. The fluorescence yield of the liquid solution is rather 
low, in general, at room temperature and, moreover, it is very sus- 
ceptible to quenching by foreign impurities (compare Section 107). 

According to the figures in the last column of Table 104 the 
aqueous solution of uranyl sulfate belongs to the first class of fluo- 
rescent uranyl salt solutions : its fluorescence spectrum is very similar 
to that of one of the solid hydrates. However, the emission spectrum 
consists only of the progression j8 while only the progression a appears 
in the absorption spectrum, so that the absorption and emission bands 
do not coincide in the region where the two spectra overlap. The fluo- 
re.scence spectrum of uranyl sulfate in concentrated sulfuric acid is 
similar to that of the aqueous solution ; it is fairly bright even at room 
temperature, but exceedingly sensitive to the quenching action of 
halide ions and organic compounds such as ethyl alcohol. 

Aqueous solutions of potassium uranyl sulfate are not fluorescent 
at all at room temperature, but the fluorescence is restored if the 
solution is frozen at temperatures below 0° C ; the exact location of 
the individual bands is shifted appreciably with decreasing concen- 
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tration of the salt. Nichols assumes that various hydrates are formed 
under these conditions. The fluorescence of potassium uranyl sulfate 
in liquid sulfuric acid has the same character as that of the frozen 
aqueous solution; at low temperatures and low concentrations a 
resolution of the diffuse bands into sub-bands becomes noticeable 
(Figure 167) [ 633 , 1129 ). 

The behavior of the nitrates is much more complicated. Saturated 
solutions of uranyl nitrate in water or ethanol show two parallel sets of 
bands. The first of these sets, which is very weak in the alcoholic 
solution, is independent of the nature of the solvent and coincides with 
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Fig. t()7. Fluorescence spectra of solutions of uranyl potassium 
sulfate in water with addition of increasing quantities of sulfuric 
acid (Nichols and Merritt). 


the bands of the crystalline salt. The bands of the second progression, 
which are much brighter than the others and about three times as 
broad, have no analogue in the fluorescence of the crystalline compound 
and are displaced in ethanol by about 40 A toward the violet with 
respect to their wavelength in the aqueous solution. The fluorescence is 
rather weak at — 25° C and increases rapidly at lower temperatures, 
but retains the same aspect even at — 180° C. When the concentration 
is decreased to less than 0.5 molar,’*' the fluorescence spectrum has a 
completely different character and is quite continuous ; at low tempera- 
tures, however, the typical structure reappears. If an aqueous solution 
is not quenched instantaneously but is cooled slowly so that the dis- 
solved salt is able to crystallize out, the fluorescence spectrum again 
shows the fine structure which is characteristic of the crystalline 
nitrate and which is only slightly modified by the interaction with the 
neighboring molecules of the solvent. 

* The solubility of uranyl nitrate in water is much higher than that of the 
sulfate. While the sulfate solutions are saturated at room temperature at a 
concentration of about 0.5 mole per liter, the saturated solution of the nitrate 
has more than ten times this concentration 
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The fluorescence spectrum of uranyl acetate dissolved in water 
consists, at room temperature, of a single continuous band, even when 
the solution is saturated. At — 180° C the continuum is resolved into 
a sequence of broad equidistant bands. If the solution is diluted in the 
ratio of 1 : 100, a second series of narrower bands appears in the inter- 
vals between the first bands, and at a dilution of 1 : 1000 both band 
sets vanish and give room to a third sequence of very diffuse bands. 
Neither of these spectra seems to be related to the others, nor to the 
spectrum of the crystalline salt {K,ii2o). 

In an alcoholic solution of 
uranyl acetate which is frozen 
at — 180° C the fluorescence 
spectrum consists, irrespective 
of the concentration, of a great 
number of narrow lines. These 
lines do not coincide, however, 
with the lines of the undissolved 
acetate at low temperature and 
they are not even combined into 
groups with the spacing Av 
830 cm“^ which are characteristic 
of all other uranyl spectra. This 
is the more striking as it is the 
only case in which sharp lines 
have been obtained in the fluorescence spectrum of an amorphous 
solution of uranyl salt. 

Apart from this single exception, the appearance of sharp lines 
in the absorption and emission spectra of uranyl compounds is re- 
stricted to crystals at low temperatures. This is proved very convin- 
cingly by the fact that if microcrystalline salts such as phosphates or 
nitrates are transformed by stepwise addition of the corresponding 
acid into syrupy solutions which at — 180^^ C solidify as glasses, the 
sharp lines give way to broad bands which are frequently appreciably 
displaced with respect to the original line groups. Figure 168 illustrates 
the phenomenon for the case of the phosphate ; in the last row of the 
figure in which the ratio is two moles of acid to one mole of uranyl 
phosphate, only the broad “solution bands” remain visible. (Compare, 
also, the last row of Figure 167). It may be mentioned that in the well- 
Igaown fluorescence of canary glass the continuous emission band be- 
comes somewhat narrower at the temperature of liquid air and shows 
two diffuse maxima, but no trace of a line structure. Such glasses, 
Pringsheim 18* 
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Fig. 168. Fluorescence spectra of 
uranyl sodium phosphate dissolved 
in mixtures of water and phosphoric 
acid (Nichols and Howes). 
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also, are fluorescent only when they contain uranium in the form of 
UO++“ions. By an admixture of a uranate, glasses acquire an orange 
color without being luminescent. 

Nichols and Slattery have investigated a number of other solids 
which are not fluorescent by themselves and become luminescent by 
the addition of small amounts of uranium oxide. Some, of these solid 
solvents — for instance, beads of sodium or potassium phosphate and 
borate — were probably glasses, while the beads of sodium fluoride 
and lithium fluoride were proved by x-ray analysis to be crystalline. 
The lattice constants of the crystals were not changed appreciably 
by the minute traces of uranium. The lithium salts emits a bright blue- 
green fluorescence ; the fluorescence color of uranium-activated sodium 
fluoride is a vivid yellow. At the temperature of liquid air the bands 
are resolved into numerous narrow lines, those of the lithium salt 
covering about the same spectral region (4500-5700A) as the fluo- 
rescence spectra of pure uranyl salts, but the lines of the sodium salt 
do not reach at the short -wavelength end of the spectrum beyond 
5300A, while they extend farther in the direction of greater wave- 
lengths [1132 j 511,1 $12). (For a similar shift in the peak of the uranyl 
fluorescence bands in uranium-activated cadmium tungstate, see 
Section 166). 

In borax beads, phosphate beads, or in lithium fluoride the 
presence of uranium can be traced by its fluorescence to concentrations 
as low as 10~’ molar. The luminescence yield of such ‘‘solid solutions” 
reaches an optimum at the relatively low concentration of 10~^ to 
10~2% and drops to zero at higher concentration; this property seems 
to place them rather in the class of “impurity-activated phos- 
phors,” which are treated in the next chapter [604). 

C. Various Complex Inorganic Ions 

147. Metal Salts in Aqueous Solutions. Using the same experimen- 
tal arrangement with which they observed the fluorescence of rare- 
earth compounds in aqueous solution, Stark and Steubing investigated 
aqueous solutions of the sulfates and chlorides of iron, nickel, cobalt, 
copper, vanadium, thorium, potassium, and barium; apparently the 
metals forming colored ions were chosen preferentially. No fluores- 
cence could be obtained by excitation with near u.v. or with short- 
wavelength u.v. {1552). The only metal salts which, in addition to the 
rare-earth salts, have been found to be fluorescent when dissolved in 
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pure water are the thallous salts TlCl, TlBr, TI 2 SO 4 , etc., the anion 
of the compound being without importance as long as it is not a strong 
quencher like I". Of course, it is not the isolated Tl+-ion that is to be 
considered as the carrier of the luminescence, but the complex formed 
by the hydration of the ion, the emission electron of which is not pro- 
tected against interactions with the outside by a rare-gas electron shell 
as in the case ohthe rare-earth ions. The resonance lines of the gaseous 
Tl+-ion lie at 1321 and 1908A; the absorption band in which the 
fluorescence of the solution is excited has its peak at 2 140 A. A 
thallium concentration of IQ-J molar is sufficient to produce a fairly 
strong visible fluorescence. The emission process is not directly related 
to the absorption process : its spectrum consists of a broad continuous 
band between 3100 and 4500A with a poorly defined maximum at 
3700A. No satisfactory theoretical explanation is available for the 
mechanism by which the fluorescence is produced : it might be due to 
a transition between two higher electronic states of the Tl*^-ion, but it 
might also be due to an electronic transition between a water molecule 
of the hydration envelope and the ion {1304), 

The visible fluorescence of a dilute thallium salt solution becomes 
much stronger when free chloride or bromide ions are present in the 
solution in great quantity ; simultaneously, the color of the fluorescence 
changes from violet to blue for chloride and to green for bromide. 
If the solution is 0.5 normal in KCl or KBr or any other chloride or 
bromide (NaCl, CaClg, HCl, etc.), this suffices to produce the effect. 
The intensity of the fluorescence increases with increasing concentra- 
tion of the halide and is strongest in a highly concentrated CaClg-solu- 
tion 10 N.). The concentration of hydrochloric acid must not 
exceed 3 normal, however, since the fluorescence is quenched at higher 
concentrations, probably by a photochemical reaction in which mole- 
cular hydrogen is set free. The continuous emission bands of the 
chloride and bromide solutions reach from the violet to the yellow, 
but the relative intensity in the long-wavelength region is greater in 
the bromide solutions. The intensity of the chloride band has a double 
maximum at 4200 and 4500A, while the bromide band has its principal 
maximum at 4900 A and a secondary maximum at 4 150 A. 

In addition to these visible bands, much weaker u.v. fluorescence 
bands have been observed at 3000A in the chloride and at 3200A in 
the bromide solutions. The fluorescence is ascribed to complex ions of 
the type (TlClg) and (TlBrg) ; these ions are characterized by the 
appearance of narrow selective absorption bands at 2420 and 2465 A, 
respectively. It is probable that other complexes containing the metal 
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ion combined with different numbers of halide ions and water mole- 
cules participate in the phenomenon. 

No fluorescence is obtained in dilute aqueous solutions of plumbous 
or stannous salts.* On addition of KCl or KBr to such solutions the 
ions Pb++ and Sn++ also form complexes, probably (PbClJ and 
(SnCl4) , which can be excited by irradiation with short-wavelength 
u.v. to emit a greenish fluorescence. The luminescence is, however, 
much less bright than that of the thallium complexes. The formation of 
the complex lead ions gives rise to a new selective absorption band 
near 2680 A, while the absorption spectrum of the stannous complex is 
continuous from 2700 A downward with a weakly marked shoulder at 
2600 A. These latter complexes are very unstable : under the action of 
the exciting radiation the fluorescence disappears within a relatively 
short time {448 ,44g, 521 ,522 ,6iy ,640 ,1304,1427!:)) . 

Although new selective absorption bands have also been obtained 
in solutions of CuCl and AgCl on addition of a sufficient amount of 
another chloride or bromide, the corresponding complex ions are not 
fluorescent. A search for other metal ions which can be excited to 
fluoresce under similar conditions yielded only negative results. An 
intense fluorescence which was observed when a concentrated solution 
of lithium chloride was irradiated with light of A < 2400 A may belong 
to a complex lithium ion, but it may also have been caused by an un- 
known impurity , although it was not possible to remove the fluorescence 
by purification of the salt. ' 

Practically all tap water is excited by “black light” to emit 
a very noticeable violet fluorescence. Most of this luminescence is 
caused by impurities and vanishes gradually after repeated distillation 
in vacuo. It seems to be impossible, however, to make it disappear 
completely, and Vavilov and Tumerman suggest that similar fluo- 
rescence spectra which are excited in most liquids by near-u.v. light 
may originate from traces of Og which form some kind of complexes 
with the molecules of the liquid {211a, 17 68). 

Another unexplained phenomenon may be mentioned in this 
connection. Ewles found that the surface of many colorless crystals 
which are not fluorescent by themselves emit a strong bluish lumi- 
nescence when illuminated with black light, after they have been 
moistened with distilled water. Since crystals such as quartz, which 
are practically insoluble in water, are among those mentioned by 
Ewles, it seems probable that the fluorescence must not be ascribed 
to a solution of the salt in water, but that it is rather a property of 

* Stannous chloride is soluble in water only if slightly acidified with HCl. 



LUMINESCENCE OF PURE INORGANIC SALTS 


501 


the water itself when it is adsorbed as a thin film in the surface of th« 
crystal. The phenomenon has not been investigated further { 372 ). 

148. ‘‘Pure” Inorganic Salts.- A considerable number of inorganic 
salts are known to be fluorescent as pure crystals. They can be divided, 
in the main, into two classes. The most important example of the first 
class is calcium tungstate; other tungstates, many molybdates, 
germanates, and vanadates behave in the same way. vSince they 
contain the complex ions WO4, M0O4, etc., it is not implausible that 
the fluorescence is a property of these ions, although their lumi- 
nescence has never been observed in aqueous solutions. 

The typical representative of the second class is zinc sulfide; in 
this case, the theory is generally accepted that the luminescence is not 
characteristic of the matrix lattice, but that it depends on the presence 
of “activating interstitial” zinc atoms. The same is probably true 
for zinc oxide. The manganous halides (chlorides, bromides, and 
fluorides) are also fluorescent ; the emission bands are situated in the 
orange-red and are very similar to those . observed in many crystal 
phosphors which are activated with minute quantities of manganese. 
It may be that the pure crystalline manganous salts, too, are activated 
by interstitial manganese atoms ( 600 , 1332 , 1333 ). Neither simple nor 
complex manganese ions in aqueous solutions of manganous and 
manganic salts, of manganates, permanganates, etc. can be excited 
to fluorescence. A strong orange-red fluorescence is excited by near- 
u.v. light in mercurous chloride and this fluorescence is a general 
property of the salt to such a degree that it cannot be ascribed 
to some accidental impurity ; on the other hand, none of the other 
colorless mercurous salts (sulfate, nitrate, acetate) shows a similar 
fluorescence. 

Various authors list many other crystalline salts in which fluo- 
rescence can be excited by black light. Among these compounds are 
the halides of cadmium, thallium, silver, and copper; lead nitrate; 
etc. According to Randall the intensity of the fluorescence becomes 
appreciable only at low temperatures. It is almost certain that most 
of these compounds were tested in a state of purity which was not so 
high that their luminescence could not be ascribed to a foreign 
activator. Impurities of the order of magnitude of one per million are 
frequently sufficient to transform a nonluminescent crystal into a 
brilliant phosphor. Thus plumbous chloride obtained by slow crystal- 
lization from a pure aqueous solution exhibits a bright yellow fluo- 
rescence. This fluorescence is completely suppressed if all lead hydroxy- 
chloride hydrate is precipitated from the solution by keeping it for some 
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time at 100® C before PbCla is allowed to crystallize (ig 4 b, 54 yaj 33 i, 

1332)- 

Since the two classes of crystalline metal compounds which 
have been proved to be luminescent without a foreign activator have 
most of their properties in common with typical crystalphosphors, 
and since all of them can also be activated by the addition of various 
foreign admixtures, it seems to be preferable to treat them together 
with the other crystal phosphors in the next chapter. 

149. Complex Platinous Salts. The remarks at the end of the last 
paragraph do not apply, or apply only to a much smaller degree, to 



solution: 1, potassium; 2, magnesium; 3, barium salt (Khvostikov). 

(b) Crystals of (1) strontium, (2) barium salt (Genard and 
Rassenfosse) . 

certain coordination compounds of platinum, of which the cyano- 
platinites are the best known. Barium cyanoplatinite was instrumental 
in the discovery of x-rays and for a long time has been the most 
important material for the manufacture of fluorescent x-ray screens. 

Until recently, it has been assumed that these salts are lumi- 
nescent only when in the crystalline state. Khvostikov succeeded, 
however, in proving that they can also be excited by long-wavelength 
u.v. when they are dissolved in water, glycerol, or isoamyl alcohol. 
In contrast to the crystals, the fluorescence yield of the liquid solutions 
is relatively small (see Section 105) and their absorption and emission 
spectra are independent of the second metal component. The fluo- 
rescence spectrum of potassium, barium, and magnesium cyano- 
platinite in aqueous solution consists of the same broad double band 
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with maxima at 5250 and 5500A (Figure 169, also Figure 105, page 
309). Hence, it must be assumed that the same complex ion [Pt(CN) 4 ] — 
is the carrier of the luminescence in each of these solutions ( 775 )* 

The fluorescence of the solid salts is, in genera], much stronger 
and here the nature of the second metal plays a decisive part. The 
various compounds differ widely in their absorption spectra, so that 
their colors in transmitted light vary from green to red. 

Most of the data concerning the fluorescence of the cyano- 
platinites are relatively old and merely of a qualitative nature, and 
many results obtained by different investigators disagree. This 
probably is due mainly to the fact that the optical properties of the 
compounds are influenced to a high degree by the mode of preparation, 
which determines the structure and the water content of the crystals. 
Besides, the color of the fluorescence depends on the orientation of the 
crystals with respect to the directions of the exciting light and of the 
observation, and this has not been taken into account in most in- 
stances ( 95 ). 

Thus, the fluorescence of barium cyanoplatinite is described as 
blue by Becquerel and as green by Grailich, while, according to Hagen- 
bach, it is green-yellow in crystals freshly prepared from an aqueous 
solution and changes to golden yellow after dehydration. According 
to L. A. Levy, barium cyanoplatinite is deposited from an aqueous 
solution in golden-yellow crystals containing 4 moles of water and 
exhibiting a weak green fluorescence. When these are heated to 100° C, 
they are converted without loss of water into an isomeric green 
modification with a very strong green fluorescence. By application of 
high pressure or long-lasting exposure to j 8 -rays, the green crystals 
are converted into a brick-red amorphous powder which is not fluo- 
rescent. By heat treatment the substance is recrystallized and recovers 
its green color and its strong fluorescence { 922 ) . 

Stokes and Grailich found the color of the fluorescence of the 
magnesium salt to be red and green, respectively; according to Hagen- 
bach, it is red at first and becomes orange and finally yellow-green by 
heat treatment, and Wood observed that the fluorescence of a mag- 
nesium cyanoplatinite crystal changes from red to yellow with varying 
direction of observation. Similar discrepancies are found in the 
literature with respect to the fluorescence of many other compounds of 
this group. 

In Table 105 a number of cyanoplatinites are listed with the 
colors of their fluorescence and the approximate limits of their fluo- 
rescence bands ; the data refer to the modifications in which each of the 
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Table 105 

Fluorescence of Cyanoplatinites 


Second 

metal 

Fluorescence 

color 

Band limits 

Second 

metal 

Fluorescence color 

Band limits 

Li 

orange 

6150-5200 

Ca 

blue 

5475-4590 

Na 

yellow 

5900-5100 

Sr 

indigo 

5550-4220 

K 

blue 

5400-4450 

Ba 

green 

5650-4850 

Rb 

blue 

5300-4377 

Mg 

green 

— 

Cs 

indigo 

5400-4150 

Y 

green 

5900-4500 

LiRb 

, green 

! 6155-4855 

Er 

green-yellow 

5950-5100 

NH 4 

green 

5900-4880 

Th 

green 

5600-4650 

T1 

none 

— 

UO 2 

none 

— 


compounds shows its brightest fluorescence. It is rather surprising 
that the only compounds which cannot be excited to luminescence 
under any conditions are those which contain the uranyl radical or the 
thallous ion as second component. There seems to exist a certain 
regularity in the series of the alkali compounds, the bands being 
displaced toward the violet with increasing atomic weight of the alkali 
metal {486). 

A result published by Hauer and Kowalski has never been con- 
firmed by other investigations. These authors state that the fluores- 
cence spectrum of rubidium cyanoplatinite consists of a symmetrical 
band between 4200 and 5400A (maximum at 4700A) when it is excited 
by the violet mercury line 4047A; this selective band is replaced by a 
band which increases continuously in intensity from the red to the 
limit of the u.v. region if the fluorescence is excited by the u.v. 
merc\iry line 3650A (5^5). 

Taking everything into account, it seems that fluorescence is a 
property of the complex Pt(CN )4 itself, but that it is very sensitive 
to the quenching action of the molecules of a liquid solvent. The fluo- 
rescence yield, therefore, is greatly enhanced by crystallization, and 
in the crystals the second metal entering the complex determines the 
absorption and fluorescence spectra. The second metal is, however, 
not an “activator” in the sense in which crystal phosphors are ac- 
tivated by minute impurities, but it is an intrinsic part of every 
molecule in the crystal lattice. 

The specific capacity of platinum to form coordination compounds 
which are fluorescent is furthermore proved by the fact that many 
organic compounds of this type are photoluminescent. PtClg-dipyridyl 
[PtCl 2 (C 5 H 4 N) 2 ] may be mentioned as an example. This substance 
exists in two modifications showing different colors in transmitted 
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light. The red form is excited to fluorescence by black light at room 
temperature, while the yellow form shows a weak fluorescence only 
at the temperature of liquid air (1332). 

150* Unsaturated Silicon Compounds. Derivatives of siloxene 
(SigH^Og) form a last group of photoluminescent pure inorganic 
compounds. Although their luminescence can be observed only in the 
solid state, it can hardly be doubted that it is a property of the mole- 
cules as such, and not of crystalline structure. The constitution of 
siloxene is, according to Kautsky and Herzberg, similar to that of the 
benzene ring and represented by the formula : 





I 

H 


Siloxene itself is colorless and exhibits no visible fluorescence. The 
compoimds in which one or several hydrogen atoms are replaced by 
halides or by hydroxyl or amino groups are colored and fluorescent. In 
both respects hydroxyl and amino groups are much more effective 
than the halides. With increasing numbers of the substituents the 
absorption and emission bands are shifted in the direction of greater 
wavelengths. Thus, the fluorescence color varies from yellow to deep 
red if all hydrogen atoms are replaced successively by OH-groups. If 
the aminosiloxenes are oxidized, they emit a bright chemiluminescence, 
the spectrum of which is identical with that of the fluorescence of the 
nonoxidized compound. It must be assumed, therefore, that the lumi- 
nescence is not emitted by the reacting molecules, but that the energy 
set free by the oxidation is transferred to other nonreacting molecules 
in a process of sensitized chemiluminescence (compare Section 110) 
{ 754 . 755 )- 

151. Glasses. Practically all technical silicate glasses are fluo- 
rescent when they are irradiated with u.v. light. The luminescence is, 
in general, weak with black-light excitation, but frequently acquires 
appreciable intensity if the wavelength of the primary light is smaller 
than' 3000A. The color of the fluorescence varies from blue through 
green and yellow to red (340), Such glasses are, of course, never pure 
in the sense of luminescence chemistry. According to Dobischek, 
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perfectly pure sodium and potassium silicate glasses and sodium 
borate glasses are not excited to. fluorescence even by the radiation 
from an iron arc. While it is difficult, in most cases, to ascertain which 
impurities cause the fluorescence of commercial glasses, the problem 
becomes much simpler if pure base material is intentionally activated 
by the addition of some heavy metal. According to Cohn, zinc borate 
glass containing 2 % of manganese emits, under the action of short- 
wavelength U.V., a strong orange fluorescence band with a peak at 
6100 A. Lin wood and Weyl ascribe the green luminescence of many 
silicate glasses to Mn++-ions which have entered the network of the 
base material, taking the place of vSi++-ions, while the red fluorescence 
observed in other glasses is assumed by these authors to be due to 
“interstitial” manganese ions. According to Kreidl, the peak of the 
fluorescence band of silicate and borate glasses containing maganese 
is shifted in the direction of shorter wavelengths (to the green) by 
addition of “network-forming” compounds such as TigOg and AlgOg,* 
by addition of NagO and other alkali oxides to the glass base, the 
network is loosened and the color of the fluorescence is changed to 
orange and red. In phosphate glasses which have a relatively loose 
structure the fluorescence due to manganese is red, but becomes 
yellow when the network is “strengthened” by the addition of zinc 
oxide (230,3o6,823,g42j82^a~c). 

Kabakjan asserts, however, that the fluorescence of manganese- 
activated borate glasses is very weak and increases “tremendously” as 
soon as crystallization sets in. This is in agreement with Curie’s 
statement that the faint reddish light emission of these glasses gives 
way to strong green phosphorescence when the glass is devitrified or 
begins to crystallize (231,^01), The surface of so-called glass tears, 
which arc obtained by rapid quenching of a liquid glass drop, shows 
no trace of fluorescence, while the inside layers of the drop, which have 
not cooled so rapidly, are slightly luminescent. 

Although the problem is far from being solved completely, it 
seems that pure glasses are not fluorescent but that they can be activa- 
ted to a certain degree by the addition of some heavy metals. In “pure” 
lead glass, which, according to Dobischek, exhibits an appreciable blue 
fluorescence, “interstitial” lead atoms may play the part of an activa- 
ting metal. By increasing the lead content of flint glasses from 2 % 
to 60 %, the color of the fluorescence changes from purple to blue and 
finally to green, becoming very weak at high lead concentrations {823), 

Weyl states that in most cases, in order to produce fluorescence, 
the metal must be incorporated in the glass in the form of neutral 
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atoms or must be converted from the initial ionic state to neutral 
atoms by an adequate treatment. He mentions as an example of this 
type a soda lime glass containing 0.125% of silver. Such a glass is 
practically nonfluorescent when melted under oxidizing conditions 
and cooled rapidly; when it is reheated for five hours to 120-175° C 
in a hydrogen atmosphere, it can be excited by black light to a strong 
yellowish fluorescence. Another example is provided by a pure silica 
glass activated with tin oxide which is converted to atomic tin at the 
high melting temperature of the glass {1825a). 

Many of the well-known yellow filter glasses used for photo- 
graphic purposes owe their color to an admixture of cadmium sulfide. 
Again, the glass is nonfluorescent (and colorless) if the melt is rapidly 
cooled (57,677). It acquires its color and fluorescence only after being 
reheated to temperatures between 640 and 720° C. The higher the 
temperature and the duration of the- heat treatment, the more the 
edge of the absorption band and the peak of the fluorescence band are 
shifted in the direction of longer wavdengths. Jaeckel ascribes this 
behavior to the formation of colloidal particles of metallic cadmium 
Similarly, glasses containing cerium and selenium in atomic dispersion 
exhibit a fluorescence of blue and red color, respectively. It is striking 
that, in all cases, rapid cooling of the melt, which inhibits crystalli- 
zation or at least tends to preserve the disorder characteristic of the 
liquid state, produces nonfluorescing material and that fluorescence 
appears after reheating, which in addition to its influence on the state 
of an activating metal may also have an influence on the structure of 
the base material. 

Admixture of iron and other metals of the iron group quenches 
the fluorescence of all glasses. On the other hand, the fluorescence is 
enhanced, in general, when the temperature is lowered to — 180° C. 

Many samples of fused quartz show a violet fluorescence even 
under excitation with the Hg-line 2537, to which the best fused 
quartz is transparent. In addition to this fluorescence, fused quartz 
emits, after irradiation with the light from a mercury lamp; a very 
weak phosphorescence which decays very slowly at room temperature 
and is still able to blacken a photographic plate several days after the 
excitation. If the quartz plate is heated after exposure to the u.v. 
radiation, the stored energy is released as a bright green glow. The 
same green phosphorescence is excited with much greater intensity 
by Schumann u.v. ; it can be observed easily on a quartz window fused 
to a hydrogen discharge tube ten minutes after the electric discharge 
has been discontinued (^0,7790). 
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CRYSTAL PHOSPHORS 
A. Nature of the Phosphors and Fundamental Processes 

152. Monomoleciilar and Bimolecular Processes. “Phosphor** (the 
Greek word for “light carrier**), without any further qualification, was 
the name coined originally for the designation of the luminescent 
substances which are treated in this chapter. In order to distinguish 
them from other phosphors which have since been discovered, such 
as the organophosphors of Chapter V, the designation “crystal 
phosphors*’ seems to be the most appropriate. “Impurity phosphors,** 
used by some authors, is inadequate because it creates the erroneous 
impression that boric acid or aluminurn sulfate containing traces of 
organic compounds belongs to the same group as the crystal phosphors, 
while, on the other hand, interstitial zinc atoms in a zinc sulfide 
crystal cannot be called “impurities.** “Mineral phosphors,” proposed 
by others, is somewhat noncommittal and does not emphasize the 
main condition to which these mineral compounds owe their phosphor- 
escence. Considering the definition of phosphorescence given in Section 
98, one might doubt, perhaps, whether it is quite correct to include all 
of the luminescent mineral crystals under the common title “phos- 
phors.” However, the boundaries between the various types of lumi- 
nescence — phosphorescence, recombination afterglow, and slow fluo- 
rescence — are so fluid, insofar as these crystal phosphors are con- 
cerned, that it would introduce useless complications to attempt a 
separation of the phenomena according to such principles. 

For more than three centuries after the discovery of the first 
“Itiminous stone,” interest was devoted almost exclusively to the 
preparation of phosphors with an afterglow as brilliant and persistent 
as possible ; when the theoretical treatment of the phenomenon began 
to be taken up seriously, it was again the afterglow of long duration 
which primarily captivated the interest of physicists. It is very 
characteristic that Lenard, who, with his school) contributed by far 
the greatest part of research in the field during the first three decades 
of the 19th century, defined as "'normal'' the concentration of the 
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various constituents of a phosphor which produced the longest strong 
afterglow, and not that which gave rise to the greatest initial bright- 
ness. Only about 1935, when technical applications such as television 
and fluorescent lamps aroused the interest of industry in luminophors 
with no lasting afterglow, were emission processes of short duration 
investigated more thoroughly. Theory met this newly awakened 
practical interest halfway, since, at the same time, the newly intro- 
duced quantum-mechanical treatment of electronic processes in in- 
sulating crystals encountered many important problems closely related 
to the problems of luminescence {118-123, 436a, 1060, loOijog^). It is 
hardly an overstatement to say that since then the results of the 
earlier investigations, especially those of the Lenard school, have been 
neglected more than they usefully might have been. 

Lenard was not the first to apply the methods of modern physics 
to phosphorescence : this accomplishment must be credited to Edmond 
Becquerel. Nor was he the first to appreciate the importance of small 
impurities as a factor determining the properties of a phosphorescent 
system, or to suggest a connection between phosphorescence and the 
photoelectric effect. Earlier, Boisbaudrans had shown that the lumi- 
nescence of ruby and other crystals was due to minute quantities of 
chromium or manganese, and Elster and Geitel had pointed out that 
most phosphorescent minerals are photoelectrically sensitive to light 
of relatively great wavelength (361,8^2-8^3), It remained for Lenard, 
however, to analyze systematically the function of the activating 
metals in the most important groups of phosphors; his prescriptions 
for the preparation of alkaline earth sulfide phosphors are still 
the basis of all industrial productions of these luminophors; and, as 
his greatest achievement, he proposed for the first time the concept 
that the primary effect of light absorption is the displacement of 
an electron from its natural position of equilibrium, that the absorbed 
energy can be stored as potential energy of the electron trapped in a 
potential trough from which it can be released by thermal fluctuations, 
and that the eventual return of the electron to its initial position is 
accompanied by the emission of light. Although expressed by Lenard in 
a somewhat different terminology, this is not only the picture which, 
in the main, is still accepted for the representation of the mechanism 
of phosphorescence, but it was, many years before Bohr, a forerunner 
of the modem theory of light absorption and light emission in general 
(F, 885, 890, 892), 

Notwithstanding these decisive achievements, it cannot be denied 
that progress was impeded for a considerable time in more than one 
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direction by Lenard’s great authority. The most important of these 
barriers against progress was his conviction that phosphorescence, 
under all circumstances, is a monomolecular process. The assumptions 
of earlier investigators — for instance, Becquerel and, after him, 
Nichols and Merritt, and M. Curie — who believed that a bimolecular 
mechanism was in better agreement with some of the experimental 
evidence, was emphatically rejected. According to Lenard the whole 
process takes place inside a single “center,” a giant molecule consisting 
of an atom of the activating metal and a great number of molecules 
of the base material, such as CaS, SrO, etc. Thus, the mechanism 
would not differ in principle from that described in Chapter V as 
representing the phosphorescence of organic molecules. If the observed 
decay of the phosphorescence did nor exactly agree with an exponential 
curve, this was ascribed to the existence of centers “with unequal 
energy isolation” {A,F ,yy, 24 g,iii 6 ). 

It was pointed out at an early date*'' that if the absorbing elec- 
tron remained imprisoned within the center, the parallelism between 
the excitation of phosphorescence and the photoelectric effect lost its 
meaning. This discrepancy became even more apparent after the 
discovery that an inner photoelectric effect or photoconductivity was, 
in many instances, coupled with the excitation of phosphorescence and 
followed the same laws of decay. Once the electron has left its center, 
so that it can follow an external electromotive force, it can recombine 
with another excited center which has lost its electron by light ab- 
sorption ; thus, the process becomes bimolecular. 

It is somewhat misleading that the designation “phosphorescence 
centers” has been retained by many authors who no longer admit 
Lenard’s concept as a whole, even if they state that they use the word 
'*in Lenard’s sense.” If, by the absorption of light, an electron is 
completely released from the point to which it was bound in the 
unexcited crystal ; if, on its way through the crystal, it can be trapped 
at some point where the main part of its energy is stored; and if, 
finally, the electron reaches an impurity atom or ion and there it 
excites emission of light — one may speak of an absorption center, of 
a storing or trapping center, and of an emission center. A center in 
Lenard’s sense must be all three in one.f It can be assumed, of course, 

♦ In Pringsheim's Fluorescenz und Phosphorescenz im Lichte der neueren 
Atomtheorie, second edition, Berlin, 1923. 

t In the following sections the terms “excited electrons” and “excited 
emission centers” will be used for electrons which were displaced from their 
normal location by light absorption and for lattice points to which the electrons 
can return with the emission of light. Thus, an excited center can be the point 
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that regions exist within the phosphor in which several electrons can 
be set free by light absorption and then trapped without being able 
to escape from this region, and that the region contains only a single 
emission center. Such regions would possess the essential characteristics 
of a center in Lenard’s sense, with the additional property that the 
dislocation of the electrons could produce a measurable photocurrent. 

Levshin was the first to take up, once more, BecquerePs original 
concepts in contradiction to Lenard’s viewpoint and to assume that 
the decay of the luminescence of crystal phosphors should be repre- 
sented by hyperbolic curves. He corroborated his assertion not only 
by experiments of his own, but he maintained that many of Lenard’s 
results could best be interpreted in this manner. Since then, the trend 
to explain phosphorescence as a bimolecular process and to describe 
the decay of every phosphorescence by some sort of hyperbolic curve 
has become very general and, for some time, has seemed to supersede 
the monomolecular hypothesis completely ( 915 ). 

While it is probably correct that nearly all phosphorescence 
processes in crystal phosphors are bimolecular in that electrons moving 
freely through a ''conductivity band'’* can combine with any one of 
numerous excited centers, the phosphorescence decay need not, there- 
fore, follow the law of a second-order reaction. As long as most excited 
electrons are trapped, the number of those free to combine with an 
emission center is very small compared with the number of these 
centers, which remains practically constant; thus, the process obeys 
the law of a first-order reaction and the decay curve is exponential, 
with a time constant depending on the probability which governs the 
release of the electrons from the traps. If, however, not only a single 
constant probability exists — or, in other words, if the phosphor 
contains traps of not only one depth — the decay curve will correspond 
to the superposition of various exponentials and its shape will be 
determined by the relative numbers of traps of various depths (‘‘the 
trap distribution”). This, in principle, is nothing but a more modern 
interpretation of Lenard’s “centers of different duration.” 

Randall has shown that under specific assumptions about the 
trap distribution, the decay of phosphorescence can obey the law 
of a second-order reaction, although it is due to the superposition of 

from which an excited electron has been released primarily, if the "positive 
hole" remains fixed at this point; it can be a point to which a positive hole has 
migrated and at which it has been stabilized, and it can be a point where an 
electron was missing in the unexcited crystal. 

* Compare Section 15G. 
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numerous first-order reactions, and he and his co-workers came to the 
conclusion that the release from traps, and not the probability of 
recombination, is the factor governing the rate of phosphorescence 
decay of all crystal phosphors. This is probably true for phosphores- 
cence processes lasting longer than a small fraction of a second. It is 
another question whether afterglows with lifetimes of several mil- 
liseconds should be regarded as instances of pure recombination 
afterglow. Experimental data which were obtained by various in- 
vestigators and which will be discussed in Section 159 favor this 
interpretation; it seems, however that electrons cannot remain free 
in the crystal for more than about 10“® sec without being trapped, 
and that every afterglow having a duration sufficient to be recorded 
by an oscillograph phosphoroscope must be ascribed to the action of 
traps [1335b ) . 

In a pure recombination glow the periods of induction and decay 
are represented by the equations : 

I = — dnjdt = (83a) 

I = A (tanh \/ A -t)^ A for \/pA -t > b'] , ^ . , , , , ^ 

^ — > induction period (83b) 

and ~ for < 1 J 

I = /q (1 — (decay period) (83c) 

n is the number of excited electrons, which is supposed to be equal 
to the number of excited emission centers ; A and I measure the num- 
ber of photons absorbed and emitted per unit of time ; Iq is the value 
of I at the end of the excitation period, and ^ the probability of 
recombination (266,268a). 

The induction curve represented by Equation (83b) has a point 
of inflection because at the beginning of the irradiation / is propor- 
tional to and tends later towards the saturation valued ; moreover, 
the slope of the curve depends on the intensity of the exciting radi- 
ation A. The slope of the decay curve increases also with increasing 
values of A and Iq\ at any time t it is determined exclusively by the 
then-prevailing value of /. If the initial intensity has decayed after 
a high intensity excitation to a value I' at a time t', the slope at t' will 
be the same as it would be at the very beginning of the decay under 
weak excitation, if the initial value were — F. All decay curves 
corresponding to a given value of p can be made to cover one another 
by a simple shift along the ^axis. 

Although these features are characteristic of a recombination 
afterglow, they will be distorted, in general, by the influence of the 
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finite thickness of the phosphorescent particles : the exciting radiation 
is absorbed on its way through the phosphor and, thus, the deeper 
layers are less strongly excited. The decay curve of each layer starts 
with a different slope and the observed decay curve is a superposition 
of all the individual curves. 

The value of jS in Equations 83(a-c) is determined by two factors : 
the velocity v with which the electrons move through the crystal and 
the cross section of electron capture a : 

^ — (TV (84) 

V is proportional to the square root of the absolute temperature; it 
is difficult to say to what degree the resulting increase in the speed of 
the decay with rising temperature is compensated by a drop in the 
value of (7. At any rate, the influence of the temperature on the du- 
ration of the afterglow is relatively small. 

In every phosphorescence of longer duration the excited electrons 
remain, most of the time, in traps ; in comparison, the time which they 
spend in moving through the crystal can be neglected. Under these 
conditions, the decay curve depends only on the probability a ac- 
cording to which the electrons are released from the traps. If all traps 
have the same depth e and if the electrons which were once released 
from a trap are not trapped again, the decay of the phosphorescence 
is represented by an exponential in the same way as the decay of the 
phosphorescence of a molecule or a “center” containing a metastable 
state. 

/(/) -- — dnjdi =- an — ; log Ijl^ — — at (85) 

a, the reciprocal of the mean lifetime r of the electrons in a trap, is a 
function of the absolute temperature T : 

a = (86) 

Although s may be treated as a constant in certain instances, 
more generally it will be a function of the temperature. It determines 
the probability with which an electron really leaves the trap when the 
necessary energy is provided by thermal fluctuations. In general, it 
can be supposed that the crystal contains traps of various depths. 
Even a distribution of the traps over t-values differing from the 
average value by not more than 1 % causes the decay curve to deviate 
considerably from a straight line in a semilog diagram, according to 
Randall. Taking for granted that s in Equation (86) is practically 
independent of temperature, Randall derived equations for several 
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trap distributions which may be regarded as limiting cases of those 
occurring in real crystals (1335a, h), 

a. Uniform distribution (same number of traps for every value 
of e ) : 

™ const (87a) 

b. Quasi-uniform distribution (number of traps varying slow]\' 
with varying value of f ) : 

i(^) ~ const •xV(/) (87b) 

where N{t) is the number of traps in which electrons spend a mean 
lifetime t — i. 

c. Exponential distribution (the number of traps with depth 8 

being : 

I{t) “ const (87c) 

With ^ == 0, the last equation reverts to the form of Equation (87a) ; 
with the arbitrary value bkT =1, it represents an inverse square law. 

With any trap distribution covering a wide range continuously, 
the decay is influenced only slightly by variations of temperature 
(much less than with a single trap depth), because with rising tempe- 
rature the deeper traps will supply electrons at the same rate at which 
the shallow traps supply electrons at a lower temperature. At constant 
temperature, on the other hand, at the time t most of the light emission 
by a phosphor with continuous trap distribution is due to traps in 
which the electrons have the mean lifetime r ~ t {1335a, h). 

If the number of empty traps is very large in comparison with the 
number of excited electrons and excited emission centers, there is a 
great probability that electrons in the conduction band are retrapped 
many times before they reach an emission center; their motion is 
similar to that of a particle in a highly viscous medium the viscosity 
of which decreases with rising temperature, and their recombination 
with an emission center is strictly a second-order reaction with a large 
temperature coefficient of reaction rate. If, in a phosphor which is 
excited to saturation, all traps are filled with electrons, the first 
electrons which are released have a very small chance of being re- 
trapped and the decay curve is exponential at first, or follows one of 
the more complicated equations characteristic of the presence of traps 
of various depths. However, toward the end of the decay the con- 
ditions approach more closely those with great probability of re- 
trapping, corresponding to a bimolecular decay curve. 

During the very early stages of an afterglow the primary re- 
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combination glow (due to the electrons which at the end of the ex- 
citation period are in the conduction band, while all traps are filled) 
or the existence of metastable states in the emission centers them- 
selves may determine the rate of the decay of the luminescence. 
Metastable states giving rise to a slow fluorescence are known to 
exist in the ions of the rare-earth metals and chromium, and probably 
also in the ions of manganese. Their mean lifetimes do not exceed a 
few hundredths of a second; probably the duration of a primary re- 
combination afterglow is even much shorter.* Therefore, these phe- 
nomena cannot affect the course of the phosphorescence beyond a few 
tenths of a second, but during this time the intensity of the lumi- 
nescence can be due almost exclusively to them. For instance the 
luminCvScence decay of manganese-activated zinc silicate is represented 
with an excellent approximation during the first 40 milliseconds by 
a straight line in a semilog plot, and only later does it follow the more 
complicated laws corresponding to trap distribution. The first phase 
of this afterglow is ascribed to excited electrons trapped in a metastable 
state of the Mn+-^-ion. In other instances, the initial decay obeys very 
clearly the hyperbolic law characteristic of a pure recombination 
afterglow. 

In order to represent experimental decay curves, some investiga- 
tors assume the existence of “empty emission centers” in the un- 
excited phosphor so that the number of excited centers greatly ex- 
ceeds that of excited electrons. Such empty emission centers would be 
represented by activator atoms or ions at points of natural electron 
deficiency in the lattice (compare Section 158). In a phosphor of this 
type the decay curve is determined almost exclusively by the number 
of excited electrons and therefore follows the law of a first-order re- 
action under all conditions. On the other hand, the number of excited 
electrons or of traps may be much larger than the number of emission 
centers. 

In the preceding discussions the possibility has been neglected, 
that the number of excited electrons is decreased by processes which 
do not contribute to the emission of light but influence the slope of the 

* In a note published recently in Nature, Garlick and Gibson ascribe a 
temperature-indept'ndent afterglow of europium-activated strontium silicate 
to a forbidden transition in a europium ion. This afterglow has a life time of 
2,3 seconds which exceeds the life times of the known mctastable states of 
rare-earth metal ions by a factor 1000, However, the emission spectrum which 
can be excited by near u.v. consists of a broad band with peak in the green 
and is related neither to the well known fluorescence of the Eu*^’^'‘"-ion nor to 
the blue fluorescence of the Eu'^'^-ion described by Prizibram { 45 gd,i 3 ii). 
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decay curve — in other words ; that the phosphorescence yield is not 
100 % ; this will be true in most cases. If, for instance, the luminescence 
process alone would follow the law of a second-order reaction, while 
the quenching probability yn is proportional to the number of excited 
electrons, the latter decreases according to the equation: 


— dn/dt ™ -j- yn 

(88a) 

while the induction period is represented by : 

dnjdt = A — — yn 

(88b) 


At the beginning of the afterglow, as long as n > the decay 

curve will be nearly hyperbolic, but will tend toward an exponential, 
when the number of excited centers becomes small. Other combinations 
of various quenching laws with various equations such as (87a), (87b), 
and (87c) provide an almost infinite variety of possible decay curves. 

In certain phosphors the production of traps seems to be con- 
nected directly with the presence of activator atoms; an electron which 
is caught in such a trap will have a predominant probability of re- 
combining with the adjacent emission center. This mechanism ap- 
proaches very closely that of Lenard’s center theory and would cause 
a first-order decay curve, although the excited electrons might 
originate from other locations in the crystal. 

Finally, it is by no means improbable that the various grains 
of a phosphorescent powder do not obey the same law of decay. 

Considering these circumstances, it is clear that the decay curves 
which are obtained experimentally will almost never agree with a 
simple theory and that, on the other hand, an investigator starting 
with a preconceived theory will always be able to represent a large 
part of his observations by introducing a sufficient number of constants 
in his hypothesis. 

153. Crystalline Structure of the Phosphors. The stone of Bologna, 
the first of all phosphors, was barium sulfide activated with some 
heavy metal, and alkaline earth phosphors for a long time were by far 
the most important phosphorescent materials. These phosphors are 
prepared by heating a mixture of the sulfate, carbonate, selenide, etc., 
of the alkaline earth metal and a colorless salt, such as sodium 
chloride, lithium fluoride, sodium sulfate, etc., with traces of an 
activating metal to temperatures around 1000° C, at which tempera- 
tures the mixture begins to sinter. It was one of Lenard’s principal 
tenets that the material obtained by this treatment had a glassy 
structure and that the center molecules formed a part of the glass. 
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He had to concede, however, that zinc sulfide phosphors, which are 
closely related in every respect to the alkaline earth phosphors, are 
crystalline. Other inorganic salts — for instance, calcium tungstate 
and zinc silicate — are not luminescent when they are precipitated 
from solutions as amorphous powders; they become phosphorescent 
only when they begin to crystallize by aging or by undergoing a heat 
treatment as was proved by x-ray diagrams. By the same method it 
has been shown that alkaline earth phosphors prepared according to 
I.enard’s prescriptions always consist, at least partially, of micro- 
crystals. Of course, this does not prove that the crystalline parts arc 
the carriers of the luminescence in this instance too, but a number of 
arguments support such an assumption. The faculty of forming good 
phosphors decreases for the oxides of Ca, Sr, and Ba in the same order 
as their tendency to crystallizes. The addition of a small amount of the 
oxide of a rare-earth metal to barium oxide inhibits its crystallization 
and, accordingly, barium oxide phosphors activated with rare earths 
cannot be prepared. On the other hand, the addition of the colorless 
salts used in the preparation of Lenard phosphors promotes the crystal- 
lization. Thus, the addition of lithium fluoride to CaS or SrS improves 
their luminescence and simultaneously the sharpness of the x-ray 
patterns is enhanced. After the preparation the salts, which act only 
as flux in the process of preparation, can be elutriated without im- 
pairing the luminescence of the finished phosphors. The lattice 
spacing of numerous sulfide and selenide phosphors has been proved 
to be independent of the nature of the flux used in preparing the 
phosphors. For instance, the spacing is the same in pure strontium 
sulfide and in phosphors prepared with fluxes such as LiF, NaS04, 
and SrClg. However, if CaF in conjunction with a sulfate is used as 
flux in the preparation of a SrS-phosphors, the lattice spacing is 
reduced in the same way as in a mixed Ca,SrS-phosphor and the 
compound has the same luminescence spectrum as such a mixed 
phosphor. This is caused by an exchange of calcium and strontium 
ions which is catalyzed by the presence of sulfate ions. On the other 
hand, small quantities of oxide ions may be introduced into a sulfide 
phosphor if sulfate ions are present in the flux, and the resulting 
''mixed oxide-sulfide phosphor'" will have properties different from 
those of the pure sulfide phosphor. In other instances the flux may 
favor the dissociation of the compound (sulfide, oxide, etc.) which 
contains the activating metal, and, thus, it may provide atoms which 
in interstitial positions activate the phosphor {i2y4a, 1437, 1722b), 
The use of a flux in the preparation of ZnS-phosphors can be 
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dispensed with more easily if the temperature at which they arc 
fired is increased. Sidot has shown that if ZnS is sublimated in an 
atmosphere of hydrogen sulfide or sulfurous acid, it is deposited in the 
form of small crystals which are strongly luminescent. Tiede and his 
collaborators succeeded in preparing alkaline earth phosphors by 
firing the sulfides together with traces of the activating metal, without 
addition of a flux, in a high-pressure furnace filled with an inactive gas. 

It is difficult to obtain exactly reproducible phosphors by the 
older method using a flux ; Wesch was able to achieve a high degree 
of reproducibility under pressure of 300 atmospheres of nitrogen at 
temperatures up to 1200'' C, not only for the more easily prepared 
phosphors such as calcium sulfides, but even for mixed selenides and 
tellurides (CdS-ZnSe, ZnS-CdTe, etc.), which had never been obtained 
before (i6yy,i6ygj82i). 

A last strong evidence for the crystalline nature of the alkaline 
earth phosphors can be seen in the fact that they become photo- 
conductive by irradiation with light of the same wavelength which 
excites their phosphorescence: photoconductivity is not to be ex- 
pected in a glass {53^~544J335^)- 

The phosphorescence of many water-soluble salts, such as 
nitrates, sulfates, and acetates, which have been precipitated from 
the solution together with some activating impurity, was known to 
Becquerel. Their luminescence is greatly improved when they are 
heated to a temperature far below their melting point, a treatment 
favoring their complete crystallization. According to Fonda, fluores- 
cent and phosphorescent calcite can be prepared by precipitating it 
with ammonium carbonate at yC C from a solution containing a 
mixture of calcium and manganese chlorides. The intensity of the 
luminescence is greatly increased if the precipitate is allowed to age 
for several weeks before filtering, but it is not necessary to dry it. 
The crystal nature of phosphors prepared in this way has been proved 
by their x-ray patterns. Recent observations by Schulman and co- 
workers, which will be discussed in a later section, show however that 
the red luminescence of such CaC03(Mn) -phosphors is excited by 
u.v. irradiation only when they are ‘‘sensitized" by the addition of 
small quantities of lead (Section 158) {1480b), The only salts which are 
known to exhibit a strong phosphorescence lasting many hours imme- 
diately after having been precipitated from a saturated solution are 
the chloride and bromide of potassium activated with thallium; in 
this case, well developed crystals are formed by the precipitation (599, 
I2g3a), 
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Apart from this single exception, a long-lasting afterglow of great 
intensity is found almost exclusively in the group of sulfide, oxide, 
and selenide phosphors which were prepared first according to 
Lenard’s methods and which, for the sake of brevity, may be called 
I.enard phosphors. 

Although the luminescence of “crystal phosphors” depends 
essentially on the crystalline nature of the base material, very little 
is known concerning the influence of the specific crystal structure on 
the nature of the luminescence. It has been suggested that so-called 
layer lattice structure is especially favorable for the formation of 
luminescent crystals because interstitial atoms can penetrate easily 
into the relatively large spacings which separate the tightly packed 
layer planes. Many compounds containing large negative ions, such 
as sulfates, nitrates, and iodides, belong to this class. As examples 
manganese-activated Cdig and Pbig, with very brilhant red and yellow 
fluorescence, respectively, may be mentioned. Another example is 
calcium sulfate: a photograph of a natural crystal of gypsum which is 
taken by means of its own phosphorescence light shows that the 
activating centers, possibly manganese or bismuth or perhaps an 
organic compound, are located exclusively along certain planes which 
appear bright on the photograph, while other planes remain dark 
(F, 6.57, 555). 

A general survey of crystal phosphors does not produce the im- 
pression, however, that the layer lattice crystals have a preferential 
position among them. The crystals with the strongest luminescence and 
the only ones exhibiting a phosphorescence of long duration have 
cubic symmetry or, like zinc sulfide in the wurtzite modification, are 
hexagonal. 

Luminescent zinc sulfide is obtained in two modifications: hexa- 
gonal wurtzite and cubic sphalerite, with somewhat different proper- 
ties; the afterglow of the cubic modification is appreciably shorter 
and weaker than that of the hexagonal modification. Moreover, the 
emission bands are shifted towards greater wavelengths in sphalerite, 
and this occurs in “pure” ZuvS-phosphors as well as in those which are 
activated by foreign impurities. Thus, the peaks of the emission bands 
of ZnS(Cu) lie at 5160 and 5280A, repectively, and those of ZnS(Ag) at 
4370 and 4550A, respectively, in the hexagonal and the cubic mod- 
ifications {833a, 834h ) . 

The difference in crystal structure of two types of manganese- 
activated zinc silicate phosphors (a- and jS-orthosilicate) is much 
smaller and is revealed only by a disparity of their x-ray patterns 
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(Figure 170), but their luminescence spectra differ widely. If the 
precipitation of CaCOg, which has been dealt with above, is carried 
out at 100° C in the presence of 3.3 molar per cent manganese with 
reference to calcium, the carbonate crystallizes as oithorhombic 
aragonite and is not fluorescent. Since MnCOg crystallizes isomor- 
phously with the hexagonal calcite, it is probable that no manganese 
is incorporated in the aragonite lattice. If the experiment is repeated, 
however, under the same conditions in the presence of a great excess 
of manganese carbonate, the calcium carbonate is precipitated, even at 
100° C, as calcite, and the crystals are luminescent (J99).* 



F'ig. 170. X-ray diagrams of zinc silicate phosphors (Rooksby 
and McKeag). 

a: green fluorescent modification, b: yellow fluorescent 
modification, c: nonluminescent cristoballitc. 


Examples of the variation of luminescence spectra with the 
change in lattice spacing in mixed crystals of varying composition 
have already been mentioned in Section 141 , and others will be treated 
later. 

According to Lenard, the “center molecules” have an especially 
loose structure and are crushed by grinding, thus losing their lumi- 
nescence. Ortmann and Riehl have ascertained, however, that the 
density of the material is not altered by grinding it to the finest 
possible mesh* They maintain that the apparent decrease in lumi- 
nosity is due, in the main, to the stronger diffuse reflection of the 
exciting light by the too finely ground powders. This hypothesis is 
supported by Kroeger’s observation that the weakening of the fluo- 
rescence of finely ground ZnS(Ag) -phosphor is much more conspicuous 
if the exciting light has a wavelength which is little absorbed in the 

♦ Compare page 518 for the importance of the presence of lead in these 
phosphors. 
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material and is therefore more strongly diffused by the powder. The 
fact that is not so much the grinding itself as the smallness of the 
particles which is responsible for the loss in luminescence yield is 
corroborated by Fonda, who found a decrease in the relative fluores- 
cence intensity of manganese-activated zinc silicate with decreasing 
diameter of the grains regardless of whether the smaller grains were 
obtained by direct preparation or by grinding larger particles (jgS, 
88^,11^2,1362). (Fonda’s measurements refer to particle diameters 
between 10 and Ijjl; on the other hand, Oldham and Kunerth state 
that the fluorescence yield of zinc silicate phosphors increases with 
decreasing particle size for diameters between 270 and 8/x.) 

However, the problem of the influence of grinding and particle 
size on the luminescence yield of phosphors is not definitely solved. 
Several recent papers agree that the luminosity of phosphors must bo 
regenerated by retiring after grinding, and while in one instance the 
powder is caked by the refiring process and thus its surface structure 
is altered, another author mentions several methods by which caking 
is avoided and, nevertheless, the original brightness of the lumi- 
nescence restored. If a ZnS(Cu) -phosphor is subjected to the action of 
a hydraulic press, it loses its luminescence almost completely and 
simultaneously the material is discolored. Apparently not only is the 
size of the particles decreased by this treatment, but the internal 
structure of the microcrystals forming the phosphorescent powder is 
destroyed. As a matter of fact, particles of equal size obtained by 
sedimentation from freshly prepared material and from a phosphor 
which has been crushed in a hydraulic press differ widely in their 
luminescence yield, the ratio being sometimes 100:1 (y6, 613a, 1132a, 
T798b). 

154. Activating and Quenching Impurities. The connection be- 
tween the luminescence of many crystals and the presence of impurities 
in these crystals cannot be questioned. However, the impurities can 
be incorporated in the crystals in more than one manner: as ions re- 
placing ions of the base material in the matrix lattice ; as interstitial 
atoms slightly deforming the surroxlnding lattice ; or as ions or atoms 
embedded at points of lattice defects. The ions may be complexes 
consisting of the “activating impurity” and constituents of the base 
material. No general rule can be found for determining which impuri- 
ties and which base materials combine to produce phosphors and, even 
less, which properties with respect to yield, duration of afterglow, and 
color of luminescence such phosphors will have {goya). 

In so-called “pure” zinc sulfide and -zinc oxide phosphors, in- 
Pringsheim 19 
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terstitial zinc atoms are supposed to be the carriers of the lumi- 
nescence .In the heat treatment which these materials must undergo 
in order to become luminescent, some of the sulfur or oxygen is 
evaporated while zinc atoms remain in excess in the Crystal in in- 
terstitial positions. Alkali halides containing “/'-centers,” which can 
be produced by various methods described in later sections, are an- 
other type of phosphorescent crystals not activated by foreign im- 
purities but by electrons caught in lattice points where a negative 
halide ion is missing. 

The condition of chromium as a foreign activator of luminescent 
crystals is exceptional in that it is incorporated effectively only if the 
base material and the corresponding chromium salt form isomorphous 
crystals. The best known example is natural or synthetic ruby - ™ 
AI 2 O 3 containing traces of CrgOg,* other examples, such as Mg 2 Cr 04 in 
Mg A 2 O 4 (spinel) and CrgSiOg in AlgSiOg (disthene or cyanite) , will be 
discussed in Section 167. These crystals, in which the cation of the 
activator replaces a cation of the base lattice, are not phosphorescent, 
although their luminescence, which is a typical slow iiiiorescence, can 
be observed phosphoroscopically. The same is true for PTgOs and TigOg 
activating corundum crystals. If the impurity, as, for instance, 
MnOg or TiOg, incorporated in corundum crystallizes in a different 
symmetry class, the compound becomes phosphorescent [2y8j6yo, 
1671,1683). 

In zinc sulfide phosphors certain activating impurities enter the 
lattice in interstitial positions while one, at least, forms mixed crystals 
with the bulk material. By heating a microcrystalline powder of ZnS 
in contact with a cuprous or a silver salt (sulfide, chloride, or oxide) 
at a temperature above 300"" C for copper and above 400° C for silver, 
the foreign atoms begin to enter the lattice and the typical lumi- 
nescence of the “pure” ZnS-phosphor gives way to the emission bands 
of the phosphors ZnS(Cu) or ZnS(Ag), respectively. If, after having 
been saturated with Ag in this way, the phosphor is subsequently 
brought into contact with CuS, the silver is driven out by the copper 
and after some time the ZnS (Ag) -phosphor is transformed into a 
ZnS (Cu) -phosphor. On the other hand, a ZnS-phosphor saturated with 
copper does not take up any silver. It cannot be assumed that the 
foreign icYis replace Zn++-ions in the lattice at such low temperatures; 
the fact that saturation is reached at concentrations of about 10 ~^ 
for Cu and 10“* for Ag proves that the impurity metals are incorporated 
as interstitial atoms, possibly at points of lattice defects. By slowly 
dissolving the crystals it can be demonstrated that the impurity 
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atoms are not only fixed to the surfaces of the grains but penetrate 
their interior. 

Manganese, another very effective activator for ZnS-phosphors, 
shows a widely different behavior. It is unable to ‘enter the zinc 
sulfide crystals at temperatures below 800° C ; at higher temperatures, 
relatively large quantities of manganese can be taken up and genuine 
mixed crystals of SnSMnS are formed which may contain as much as 
50 % Mn, although the optimum of luminescence lies in the neighbor- 
hood of 1 %. According to x-ray diagrams the lattice spacing is in- 
creased when Zn-ions are replaced by Mn-ions. The possibility must 
be taken into account that the Mn-ions taking up regular lattice points 
are not the carriers of the luminescence and that this phenomenon is 
due to atoms or ions caught at points of lattice defects 8 30,832, 

1363, 1663a, 1686 ) . 

Zinc sulfide and zinc silicate are able to form mixed crystals with 
several other divalent metals; these do not, however, activate the 
phosphors. By substituting Zn-ions they change the nature of the base 
lattice and thus influence the optical properties of the system, while 
the luminescence itself is caused by another activating impurity. Such 
substituents are, in the first place, cadmium in zinc sulfide phosphors, 
and cadmium, beryllium, titanium, and zirconium in zinc silicate 
phosphors. In the latter, furthermore, the silicate can be replaced 
partially or completely by germanate. Manganese seems to be the 
only element that acts in both ways, as activator and as part of the 
matrix lattice. Other activators, such as bismuth and silver, are prob- 
ably incorporated in silicate phosphors in the same way as in zinc 
sulfide phosphors [401, 44y a, 833a, 8336, 8 51, 8 32, go8). 

Considering the close relationship between zinc sulfide phosphors 
and the alkaline earth phosphors (sulfides, oxides, and selenides), it 
seems reasonable to assume that in some cases interstitial impurity 
atoms are the activating agents in these phosphors, too. Copper can 
be incorporated as activator in CaS and SrS by the “contact method” 
at 510° and 460° C, respectively. Although these temperatures are 
somewhat higher than in the case of zinc sulfide, they lie far below 
those at which the materials must be fired in the normal preparation 
of CaS(Cu)- and SrS (Cu) -phosphors (J6656). On the other hand, it is 
certain that other metals such as manganese and the rare-earth 
metals are embedded in these phosphors, also, as divalent and trivalent 
positive ions. The same is true for Mn-activated phosphates and borates 
and for tungstates containing samarium. 

Several autliors take it for granted that when heavy metals such 
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as copper, lead, or thallium are incorporated in alkali halide crystals, 
they replace alkali ions in the lattice. The x-ray analysis shows, 
however, that by the addition of thallium the KCl-lattice is stretched 
by a much smaller amount than should be expected if the Tl'^-ions 
replaced the K+-ions (J557). Furthermore, there are good reasons for 
assuming that the Tl+-ions and, similarly, the atoms of other heavy 
metals form complex negative ions with the halides which may be 
incorporated at points of lattice defects. The analogy between the 
absorption and fluorescence spectra of the complex ions in aqueous 
solutions with those of the corresponding phosphors will be discussed 
in Section 164 . Hueniger and Rudolph state that a complete parab 
lelism exists not only between these absorption spectra, but that, 
moreover, the emission bands of tin-activated alkali halide phosphors 
coincide with the bands of chemiluminescence observed by Polanyi 
in the reaction between the vapors of SnC^, SnBr4, and Snl4 and 
potassium. The authors suppose, therefore, that the excitation of the 
phosphorescence corresponds to a process of the type: (SnX^) f 
K+ -> (vSnX4)~ -I- K, the emission to the inverse process; 

(SnX4)“’ K -> (SnX) K*^; K*^' is assumed to be a cation of the 

base material in the neighborhood of a (vSnX4) — -complex which is 
embedded in the crystal (448, 44g, 618, 640, 7gi,i2g3a, i486). 

If crystals of KCl are ground in a mortar together with small 
quantities of SbClg, the mixture becomes phosphorescent, the intensity 
of the luminescence being rather weak, but not inferior to that of simi- 
lar phosphors prepared by firing. The antimony must be in the trivalent 
modification: SbClg is inactive. Since the color of the luminescence 
depends on whether SbClg or SbBrg is added to KCI, or SbClg to KBr 
(bright yellow, dark brick-red, weak orange), it follows that Sb++^- 
ions do not replace K-^^-ions in the lattice, but that some complex 
antimony halide ions or molecules are formed in the crystals as lumi- 
nescence centers (1432b). KCl(Tl)-phosphors with a very bright and 
long-lasting afterglow can also be prepared by grinding KCl together 
with a thallous salt. If thallous nitrate or sulfate is used, it is converted 
to thallous chloride in the grinding process as was ascertained by 
x-ray analysis. The process seems to depend on the presence of minute 
quantities of water. (Concerning the activation of alkali halides with 
oxygen and carbon monoxide, see Section 164 .) 

The number of elements which can be used as activators is 
especially large in the case of the alkaline earth sulfides and oxides 
(see Table 115 , Section 161 ). According to Tiede, it is an essential 
condition for the ability of an element to enter a crystal as an activator 
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that the radii of its atoms are smaller than those of the atoms of the 
metals in the matrix lattice. One would expect that at least as far as 
the base material is concerned the ionic, and not the atomic, radii 
should be the determining factor. In conformity with Tiede's rule, 
Riehl proved that Pb and Bi, which are good activators in CaS, can- 
not be incorporated in ZnS. The radii of the atoms of Ca, Zn, Pb, and 
Bi are 1.97, 133, 1.74, and 1.46A, respectively. Fonda succeeded, 
however, in preparing ZnS(Pb)-phosphors with very characteristic 
properties. Apparently lead is incorporated in these phosphors in a 
manner essentially different from the manner in which Pb and Bi are 
embedded in CaS. In the latter, the normal concentration is only a 
small fraction of 1 %, while Fonda's new ZnS(Pb)-phosphors contain 
4 % of lead which seems to form a part of the base material rather 
than be an “activator" {4021 j 36 ^, 166 ^aj 6 y 6 j 686 ). 

In most phosphors with a long-lasting afterglow, an increase in 
the concentration of the activating impurity atoms enhances the 
intensity of the fluorescence* relative to the intensity of the phos- 
phorescence. At the lowest activator concentrations the fluorescence 
of Lenard phosphors is almost imperceptible, while the phosphores- 
cence is comparatively strong. When citing a so-called “optimum 
concentration" it is. therefore, essential to indicate whether the 
optimum of fluorescence or of phosphorescence is intended. Apparent 
disagreements which are found in the literature are frequently caused 
by neglecting this differentiation {iy 8 , 883 , 8 g 2 ). Furthermore, the 
optimum concentrations are greatly dependent on the nature of the 
activator and of the base material. As already mentioned in connection 
with the manganese-activated zinc sulfide and silicate phosphors, the 
optimum concentration is relatively large if the activator and the bulk 
material form mixed crystals. Another example of this kind is 
synthetic ruby, in which the Cr-concentration can amount to 2% 
without impairing the luminescence. When the activators are incor-* 
porated as interstitial atoms or at points of lattice defect, their concen- 
tration must be much lower. Thus, the optimum concentration of 
silver and copper in ZnS is of the order of magnitude of 10~* % and 
10~2% respectively, while it may be from five to ten times larger in 
SrS and CaS. The permitted concentrations are exceedingly small for 
the metals of the iron group, which can be used only for the activation 
of a few sulfide and oxide phosphors. At higher concentrations Fe 
quenches not only its own luminescence in those phosphors (for 
instance, CaS) which can be activated by iron, but also the lumi- 

♦ Or of other processes of short duration: see Section 159. 
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nescence caused by the presence of any other foreign metaJ. The same 
is true for nickel and, to a somewhat smaller degree, for cobalt 

(253,923) > 

By the contact method described above, iron can be introduced 
into ZnS(Cu)~ and ZnS(Ag) -phosphors at a temperature of 270° C 
without impairing their phosphorescence, although the presence of 
iron in the grains is proved by chemical analysis. If, later, the phos- 
phors are heated to950°C, the phosphorescence iscompletely quenched 
if the iron content exceeds 10“^%. It follows that the quenching 
action of the iron depends on the location of the atoms or ions in the 
phosphors. Riehl supposes that iron becomes a quencher in sulfide 
phosphors only when it replaces cations in the base lattice, thus 
forming mixed crystals. According to the same author, the phosphor- 
escence of manganese-activated zinc sulfide is quenched by the pre- 
sence of iron to a much smaller degree than the phosphorescence of 
other ZnS-phosphors (1365). 

Other metals which are excellent activators in some phosphors 
are poisons for others: the luminescence of manganese-activated 
cadmium silicate is appreciably weakened by copper at a concentration 
of 10~2% and completely suppressed at a concentration of 0.1 %. On 
the other hand, the luminescence of tungstates and molybdates is 
quenched by manganese and chromium. Although calcium molybdate 
is itself fluorescent, addition of calcium molybdate to calcium tungstate 
destroys the room temperature luminescence of the latter (979,14^6). 

Most metals which activate a phosphor at low concentrations 
become quenchers if their concentration becomes too high; this is 
probably due to the fact that when all available vacancies are oc- 
cupied by the activator, additional impurity atoms begin to destroy 
the matrix lattice.* In all casesj long-lasting phosphorescence is more 
sensitive to quenching than the processes of shorter duration . Thus, the 
•afterglow of zinc sulfide phosphors is largely suppressed by the ad- 
dition of 10“^% of nickel, but the fluorescence is not greatly reduced 
(92 3) ‘ 

ISS. Absorption and Emission Bands. Every luminescence process 
consists essentially of three parts: the absorption or excitation, the 
emission (both practically instantaneous), and, interposed between 
them, the storage of the excitation energy, which determines the 
average duration of the luminescence. For all substances treated in 

* The intensity of phosphorescence of Tl-activated KCl and KBr* increases 
continuously with increasing thallium content up to 2%, The fluorescence of 
Tl-activated Csl attains its maximum at a Tl-concentration of 0.22% (J97). 
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the preceding chapters (excepting only sensitized fluorescence), it 
could be taken for granted that the three processes occurred within 
one and the same molecule. In crystal phosphors, even the light ab- 
sorption may take place in three different parts of the system. It 
occurs either in the activating impurity atoms, in the unperturbed 
matrix lattice, or at points of this lattice which are perturbed by tht‘ 
incorporation of the activator or by lattice deficiencies. 

The instances in which the complete absorption spectra of 
phosphors have been investigated are rather scarce; more frequently, 
the excitation spectra are known. While every “excitation band” 
must be an absorption band, the intensity distribution in the two 
spectra can be different because the luminescence yield need not be 
the same for the various absorption mechanisms, and some ab.sorption 
bands may even be missing from the excitation spectrum. Moreover, 
the excitation spectra for fluorescence and phosphorescence can be dif- 
ferent {F , 1 ^^ 1 , 152 , 22y,4og~-4ii4sga,4g5,4gyfii6,830-833h,83yh,iy85). 

The bands corresponding to the excitation of long-lasting 
phosphorescence are connected, in general, with lattice defects, while 
light absorbed in the absorption bands of the nonperturbed base 
lattice gives rise to an afterglow of shorter duration ; only fluorescence 
is produced when light is absorbed by electronic transitions in the 
atoms or ions of the activating metal. The absorption and excitation 
spectrum of Mn-activated ZnS, investigated by Kroeger, provides 
a typical example, which is especially favorable because of the rela- 
tively large quantities of the activator which can be incorporated. 
“Pure'' ZnS has a strong, apparently continuous absorption band in 
the u.v. with a sharp long-wavelength edge at 3380A, but extending 
from there in a flat tail in the direction of greater wavelengths. This 
tail generally is acribed to the presence of interstitial zinc atoms or 
other lattice defects. On addition of manganese a new band is super- 
imposed on the tail with an intensity maximum at 3500A and a long- 
wavelength limit at 3650A. Since nearly the same band is observed in 
the absorption spectrum of pure pink MnS, this band probably corre- 
sponds to an electron transition in the manganese sulfide lattice, 
which is more or less perturbed by the surrounding zinc ions. At higher 
manganese concentrations a number of narrow weak absorption bands 
appear between 3900-5000A; Tomaschek also observed narrow bands 
at 4630 and 4970A in the absorption spectrum of a ZnS(Mn) -phosphor. 
Similar bands are characteristic of most manganese salts, causing 
their pink color, and are supposed to originate from internal electronic 
transitions within the Mn^Mon, with lattice vibrations super- 
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imposed on the electronic frequencies. By light absorption in these 
last bands, only fluorescence of the ZnS(Mn) -phosphor is excited, while 
light absorption in the band at 3500~3650A and in the continuum 
below 3380A produces phosphorescence. These more recent obser- 
vations of Kroeger’s are in good agreement with Lenard’s description 
of the excitation spectrum of the phosphor: the “m-band*’ (according 
to his terminology, excitation of instantaneous luminescence or ‘‘m- 
process) reaches from 4000-5200A, and the strongest ^/-band (excitation 
of luminescence of long duration or “Dauerprozess”) is at 3600A. 
Lenard’s w-process (ultraviolet process), excited by light of shorter 
wavelengths (in the absorption band of the bulk material), is described 
as an afterglow of shorter duration (830). 

All Lenard phosphors show in their excitation spectra several 
“i/-bands” which are characteristic of the combination of activating 
metal and base material ; they can be ascribed to the matrix lattice at 
the points where it is perturbed by the incorporation of the activator. 
The coincidence of the first ^-bands with selective absorption bands is 
shown for three bismuth-activated sulfide phosphors in Table 106 
(compare Figure 176). A striking coincidence of bands was observed 
by Schleede also in the excitation and absorption spectra of antimony- 
activated sulfides of calcium, strontium, and magnesium (886,1432b, 
17270,1785). 


Table 106 


Coincidence of Absorption and Excitation Bands 
OF Sulfide Phosphors 
(Wavelengths in A) 


Phosphor 

Maximum 

Minimum 

of absorption | 

of excitation 

of absorption 

of excitation 

CaS(Bi) .... 

4150 i 

4200 

3900 

3850 

SrS{Bi) . . . . 

4300 

4400 

4000 • 

3950 

BaS(Bi) .... 

4500 j 

4600 

4200 1 

4200 


Similarly, it seems to be justified to identify the w-bands which 
are observed in all Lenard phosphors with an absorption process in 
the activating atoms, a confirmation of this assumption being provided 
by the coincidence of Lenard’s w-band of the ZnS(Mn)-phosphor with 
the characteristic absorption bands of the Mn++-ion. Although 
certainly present, the lines of the trivalent rare-earth ions have not 
been recorded in the absorption spectra of sulfide and oxide phosphors 
activated with Sm, Eu, Pr, etc., but they were observed in Sm- 
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activated calcium tungstate and again, in this instance, only fluo- 
rescence and no phosphorescence was excited by the absorption of 
light with wavelengths corresponding to these lines. 

The KCl(Tl) -phosphor has two absorption bands at 2475 and 
1 950A on the long-wave side of the first absorption bands characteristic 
of pure potassium chloride. The crystals are excited only to fluorescence 
by light absorption in the band at 247 5A; by absorption in the band 
at 1950A phosphorescence is also produced. According to Seitz either 
band corresponds to an electronic transition within the Ti+-ions, while 
other investigators assume that the band below 2000A is due to the 
transition from the ground state to the conduction band of the crystal. 

There are numerous instances in which the luminescence due to 
the presence of an activating impurity in a phosphor is excited by 
light absorbed in bands caused by the presence of a second ''sen- 
sitizing'’ impurity; these cases arc discussed in vSection 158. 

In the crystal phosphors which are luminescent without being 
activated by foreign impurities, all absorption bands must belong to 
the base lattice, to interstitial atoms, or, as in the case of tungstates 
and molybdates, to the complex ions in tlie lattice. It cannot be decided 
which of these various mechanisms causes the three excitation bands 
of MgW ()4 (at 2700, 2300, and 1700A) reported by Beese and others 
(compare Figure 21 1 curve 2). The excitation spectrum of a cadmium 
borate phosphor begins at 3500A and its intensity increases continu- 
ously in the direction of shorter wavelengths without any selective 
maxima ; this absorption may correspond to the tail of the fundamental 
absorj)tion band of the crystal { 88 a, 1651 ). 

Most emission bands of crystal phosphors which are observed in 
the afterglow are also omitted as fluoresc(‘nce during the excitation. 
The connection of the various emission bands with specific carriers 
in most cases is even more uncertain than the relation between th(‘ 
absorption bands and the constitution of the crystals. The problem 
is simple only in the case of phosphors activated with rare-earth 
metals and chromium emitting the line spectra characteristic of their 
ions. 

It can also be taken for granted that the luminescence of man- 
ganese-activated phosphors is characteristic of the Mn++-ion. Ac- 
cording to Kroeger, the weak long-wavelength bands observed in the 
absorption spectrum of ZnS(Mn)-phosphors reappear in the emission 
spectrum ; the most intense part of the luminescence spectrum of this 
phosphor consists, however, of a broad band in the orange. Similar 
bands in the orange or red region are observed in the luminescence 
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spectra of many other Mn-activated phosphors. Under favorable 
conditions — for instance, at low temperature — they split into 
several narrower components (Sections 162 and 163). The absorption 
and emission lines of the isolated Mn++-ion are situated in the far 
11 . V., but manganese and chromium ions are similar to those of the 
rare earths in that they contain incompletely filled electronic shells 
(five and three electrons, respectively, in the 3^^-shell). The long- 
wavelength lines corresponding to forbidden transitions between the 
various terms which can be formed in the partially filled .shell are 
emitted with appreciable intensities when the transitions are rendered 
possible by the perturbing forces of the crystal lattice* (<^ 50 , 
^33^J333)- 

In some phosphors for instance, in most zinc silicate and borate 
phosphors — the activation with Mn gives rise to the emission of a 
strong band with its maximum of intensity in the green. It is probable 
that it is not the normal orange-red band of the Mn++-ion which is 
shifted in these cases to shorter wavelengths by the surrounding mole- 
cular fields, but that the green band corresponds to a different 
electronic transition which is favored in the ion by the nature of the 
crystalline structure. Examples of either possibility occur in many 
Tenard phosphors. 

Although not only the existence of luminescence but also the 
specific wavelength of the emission band is due in most phosphors to 
the presence of a specific impurity in the phosphor, the wavelength 
of the luminescence band is, in general, not characteristic of the ac- 
tivator as such. The color of the luminescence of silver-activated 
sulfide phosphors may vary between ultraviolet and red, depending on 
the nature of the base material. On the other hand, the emission band 
of a lead-activated barium sulfide phosphor coincides almost exactly 
with the orange band of a CaS(Mn) -phosphor, while the emission 
band of lead in calcium sulfide can be matched with the luminescence 
of copper in zinc sulfide by the admixture of a few per cent of cadmium 
sulfide to the latter. Furthermore, many phosphors containing only 
one and the same activating impurity exhibit several emission bands 
which are “independent” in that their appearance in the afterglow 
is unequally in fiuenced by the manner of preparation and the tempera- 
ture of observation; the excitation spectra of each of the bands is 
characterized by different i^-maxima. In Lenard’s nomenclature the 

* For the Cr'^^-ion this problem has been fully discussed; see, for instance, 
H. C. Bowen, Phys. Rev., 52, 1153 (1937) (i4ya) and M. N. Saha, Nature, 125, 
163 (1930) (1405a)’, compare also Section 167. 
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band prevailing in the phosphorescence spectrum at room temperature 
is designated, in general, by a and the others by p, y, etc. While the 
prevalence of the red or the green band in the luminescence spectrum 
of zinc silicate has been proved to be determined by the crystal 
structure of the base material, no difference has been found in the 
crystal structure of Lenard phosphors, which exhibit one or the other 
of their bands preferentially because of variation in the manner of 
their preparation. At any rate, it is certain that these bands are not 
characteristic of the activator alone but of the combination of ac- 
tivator and base material. The band are broad and diffuse and their 
width is relatively little influenced 
by the temperature. The intensity 
distribution in the bands is frequ- 
ently symmetrical, and is well re- 
presented by a Gaussian curve. In 
other instances the bands seem to p-g ^ 

be complex and can be analyzed emission band of a CaO(Ag)- 
by a superposition of several bell- phosphor (Schellenberg). 

shaped curves which may be as- 
cribed to the superposition of lattice oscillations on a simple electronic 
frequency or to the superposition of several electronic transitions. It 
must be admitted, however, that an analysis such as that reproduced 
in Figure 171 is rather arbitrary^ (1^1,1424). 

The normal emission bands of ZnS-, CdS-, and ZnO-phosphors 
which are activated by interstitial atoms instead of by foreign im- 
purities are of the same general aspect as tho.se of Lenard ’s alkaline 
earth phosphors (8jja,goSjj86ajj86b). 

At low temperatures certain nonactivated phosphors of the typt‘ 
ZnS(Zn) emit a number of narrow bands without appreciable after- 
glow. These bands form progressions in which the spacings are of the 
same order of magnitude as the vibrational frequencies of the matrix 
lattices; furthermore they are immediately adjacent to the long- 
wavelength edges of the fundamental absorption bands overlapping 
them slightly. It is probable therefore, that they correspond to the 
return of the excited electron to various vibrational levels of the 
electronic ground state of the crystal (compare Section 162). Ewles 
suggests that the bands observed by him in the low temperature 
luminescence spectrum of ‘"pure"' CaO are caused by an electronic 
transition in the Ca-atoms. This may or may not be true, but the 
hypothesis that the luminescence bands of the crystal phosphor 
correspond to the same electronic transitions in the calcium atom as 
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lines which have nearly the same wavelength in the arc spectrum of 
Ca, is inadmissible. These lines would at least be shifted considerably 
by the lattice forces. The objections are even stronger against an 
extension of Ewles’ hypothesis, according to which the bands ob- 
served in impurity-activated phosphors of the Lenard type should all 
correspond to arc lines of the cation in the base material (Ca, Sr, Ba, 
etc.), while the only function of the activator would consist in favoring 
the preferential emission of one of these lines {374,37 5 »833a, 83^1^331, 
^33^)- (Compare Section 162 concerning the experimental facts on 
which these hypotheses were based). 



Fig. 172. Energy levels of a photoconductive phosphor- 
escent crystal: {a) unexcited state; {h) excited state. 

N\ completely filled band. F: empty conduction 
band. A : activating impurity atom. M: electron 
trap, e : trappe^d electron. H : positive hole, stabi- 
lized in vicinity of excited activator. 


No explanation has been proposed for the electronic transitions 
with which the luminescence bands in other “pure crystals,” such as 
calcium tungstate and molybdate, are associated. Since the emission 
bands are in the visible and the excitation bands in the far u.v., it is 
improbable that they correspond to the same electron jump. 

156. Photoconductivity and the Zone Theory of Crystals. If a free 
molecule is ionized by absorption of light of a frequency v in the 
continuous band which adjoins the convergence limit of the ab- 
sorption band system, the liberated electron can acquire any amount 
of kinetic energy corresponding to the surplus energy hv — In an 
insulating crystal an electron, although it is no longer bound to its 
original atom or ion, is restricted in its motion to certain permitted 
“energy bands” in which it can move across the lattice (Figure 172). 
These bands are separated from each other by “forbidden zones”; 
they consist, in reality, of a great number of individual, overlapping 
narrow levels among which the electrons are distributed according 


PHOTOCONDUCTIVlTir THE ZONE THEORY OF CRYSTALS 333 


to temperature equilibrium. The ground state consists of a similar 
succession of overlapping levels which, in an insulating crystal, are 
completely filled with electrons. 

Since the energy bands have a considerable width which may cor- 
respond to several e.v., transition from the ground state to an empty 
energy band corresponds to a broad continuous band in the absorption 
spectrum. The first of these has already been designated as the funda- 
mental absorption band of the base lattice. A series of energy levels in 
which (exactly as in an isolated atom) the electrons are still bound 
to their atoms or ions is located in the gap between ground state and 
the first empty energy band. Examples of such levels are, for instance, 
the unoccupied 4/-levels of the rare-earth ions, the 3^^-levels of 
and Cr+++, or the 6/>-levels of the Tl+-ion. If an electron is lifted by 
light absorption to one of these levels, it can return to its ground state 
by re-emission of light or by internal conversion. If the excited atom 
is surrounded by other atoms of the same kind (as the atoms of the 
bulk material in a normal crystal), the excited state can migrate as an 
‘‘exciton” across the lattice until it loses its energy by one of the two 
processes mentioned above, or until it is trapped by some lattice 
defect. Although exciton migration may occur frequently and may 
give rise to phosphorescence, no instances are known in which this 
process has been established beyond doubt as the source of crystal 
luminescence. Finally, an electron can be raised by thermal agitation 
from an excited state to the free conduction band if the gap between 
the latter and the excited state is not too large and if the temperature 
is high enough. In this case the behavior of the electron will be the 
same as if it were raised directly into the conduction band by light 
absorption {436a,^f)6,io6o jo6i, log^, 1331 ,1360 ,1364, i46^-t46y, 1488). 

By transfer from the anion to the cation in an ionic crystal such 
as KCl, an electron reaches a level where it remains bound. The first 
u.v. absorption bands of the alkali halides have been interpreted as 
being caused by the transition of an electron from the negative halide 
(Cl") to the positive alkali (K+) ion so that two neutral atoms (Cl and 
K) are formed. Such an excited state is described more correctly, 
however, by saying that the ‘‘excited electron” is equally shared by 
the six surrounding K-ions whose equilibrium positions are there- 
fore somewhat displaced from their normal location in the lattice. A 
configuration of this kind is, in general, not stable and the electron 
returns within a short time to the halide atom, while the excitation 
energy is dissipated as vibrational energy of the lattice. If the process 
occurs in the neighborhood of a vacant lattice point where a halide 
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ion is missing,* however, the electron can be trapped at this point, 
forming a so called F-center. Under these conditions, the electron again 
is not bound to an individual alkali ion but is shared by six surrounding 
positive ions of the lattice. Nevertheless, the F-center has properties 
similar to those of an atom : it has a ground state and several excited 
states in the forbidden zone below the first conduction band. The 
transition of the electron to one of these excited states gives rise to the 
appearance of a new band in the absorption spectrum (for KCl, 
between 5000 and 6000A, with a sharp maximum at 5630A) so that a 
crystal is colored in transmitted light if it contains F-centers (“Farb- 
zentren”)- From the excited level which is reached by absorption 
of light in this band, the electrons are raised into the free conduction 
band at moderate temperatures by thermal energy fluctuations so 
that they can follow an externally applied electromotive force ( 26 ^). 

Mott’s and Gurney’s assumption that in this case the light 
absorption must be supplemented by additional heat energy is 
based on the fact that at low temperature the photoelectric current 
becomes much weaker, although the same number of light quanta are 
absorbed. At room temperature the behavior does not differ apprecia- 
bly from that of a crystal in which the electrons are raised directly 
into the conduction band by light absorption {i 24 ya). 

If an electron is transferred by the intake of additional heat 
energ}", or directly by light absorption, from the ground state to the 
conduction band, not only is it able to travel across the crystal, but 
the ‘‘positive hole” which is left behind in the ground state is also free 
to move. This is not to be understood in the sense that a positively 
charged particle is moving, but that electrons are transferred 
successively from negative ions to the adjacent positive hole, which 
thus apparently moves in the opposite direction. The migration of an 
electron in the conduction band (and of a positive hole in the lower, 
filled band) is, similar in this respect to exciton migration, a quantum 
mechanical resonance phenomenon occurring between the numerous 
cells of a lattice which in an ideal crystal are identical in structure. 
Where ever there are perturbations in the lattice, the conduction band 
is perturbed and it is even completely interrupted, if the perturbations 
are large. 

In the absence of an external electric field the electron in the 
conduction band and the positive holt perform diffusion motions in 
random directions; if they meet again during this motion, or if they 

♦ Such vacant points in which either a positive or a negative ion is missing 
occur, in equal numbers for both signs, rather frequently in alkali halide crystals 
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meet another partner produced by a similar process at another point 
of the crystal, they can, under certain conditions recombine with 
emission of hght or with “internal conversion." If an external electric 
field is applied, a unidirectional motion is superimposed on the random 
diffusion and its influence becomes greater as the electromotive force 
of the external field is increased. 

Although Lenard’s theory essentially was based on the paral- 
lelism of the excitation of photoelectric effect and phosphorescence, 
no photoconductivity could be expected, according to this theory, in 
phosphorescent substances, since the liberated electron was supposed 
to remain in the interior of the “center”; only a “dielectric polari- 
zation” was assumed to characterize the excited state of the phosphor- 
escence centens. [A slight electric conductivity produced in alkaline 
earth phosphors by irradiation was designated as “actinodielcctric 
effect” and was explicitly proclaimed by Lenard to be unconnected 
with the excitation of phosphorescence [888,8g4J444),] 

Gudden and Pohl were the first to demonstrate that the sulfide 
phosphors exhibit the phenomenon of photoconductivity and that 
the wavelengths of maximum excitation of the conductivity coincide 
with the i-bands in which light absorption excites a long-lasting after- 
glow. Quantitative measurements of the electric phenomena in sulfide 
phosphors do not yield satisfactory results because the phosphors 
are available only as microcrystalline powders. Observations obtained 
with other photoconductive materials which can be investigated in the 
form of larger single crystals provide data which can be used for the 
explanation of most phenomena occurring in the phosphors. Alkali 
halide crystals containing JF-centers are especially advantageous for 
this purpose, the i^-centers playing a role similar to that of the in- 
terstitial atoms or the impurity centers in sulfide and oxide phosphors 
{537, 538,539.1246, 1247a, b) . 

The photoelectric current produced by light absorption (and 
additional heat energy) is proportional to the number of absorbed 
light quanta, if secondary effects are excluded. It is, however, much 
smaller in a crystal containing interstitial atoms, F-centers, or other 
lattice defects than in a perfect crystal, because the electrons, instead 
of freely following the force of the electric field, arc trapped, so that 
their range becomes very short. The nature of these traps cannot 
always be ascertained: they may be related to the F-centers or to 
impurities or to other imperfections of the lattice {541,545). 

When the irradiation is stopped, the crystal remains in an 
activated state: the intensity of the absorption bands in which the 
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excitation has occurred has decreased and, simultaneously, a new ab- 
sorption band adjoining the former at the side of greater wavelengths 
has appeared. In the case of alkali halides containing JF-centers, the 
traps have been identified with the JP-centers, which now hold two 

electrons instead of one. The 
absorption band of these newly 
formed F '-centers is shown in 
Figure 173. If the temperature is 
raised after the illumination has 
been stopped, the captured elec- 
trons are released from the traps, 
giving rise to a renewed electric 
current until they eventually 
recombine with primarily excited 
centers. At the end of this period, 
which is shorter when the tem- 
perature is higher, the initial, 
unexcited state of the crystal is 
restored. The effect produced by 
increasing the temperature is also 
obtained by irradiating the crystal 
with light which is absorbed by the trapped electrons (in the case of 



Fig. 174. Activating and deactivating 
photoelectric current in discolored NaCl at 
33° C (Gudden and Pohl). Time in seconds. 
a-h and f~k'. dark. 6-/: blue irradiation. 
l-n\ infrared irraaiation. 



Fig, 173. Absorption bands of NaCl 
containing F-centers (Pick). 

I : F-band of crjrstal in normal 
state. 2a: reduced F-band. 

26: F'-band of excited < rystal. 


the alkali halides, by the F'-centers) (Figure 174). If the “activating’* 
irradiation with exciting light takes place at sufficiently high tempera- 
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tures, a partial “deactivation” occurs during the excitation period: 
the primary electric current slowly reaches an equilibrium value and 
the “deactivating current” at the end of the excitation is relatively 
small and of short duration (Figure 175) {1232 a). 

If the crystal is excited in the absence of an external electric field, 
as, in general, is the case for the excitation of phosphors, the liberated 
electrons move away from their centers in random directions until 
they are trapped. If an electric field is applied subsequently and the 



Fig. 175. Activating and deactivating photoelectric 
current in discolored NaCl at 125° C (Gudden and 
Pohl), Time in seconds. 
a-b and g-k\ dark, b-g: blue irradiation. 
l-n: infrared irradiation. 


crystal heated or irradiated with deactivating light, an electric 
current is observed to flow in the direction of the field until the crystal 
^has returned to its unexcited state, exactly as if the field were already 
present during the excitation period. Since no preferential direction 
prevails during the excitation in this case, while afterwards the 
electrons move in the direction of the field, it can be concluded that, 
in general, the electrons do not return to the centers from which they 
were released, but that every electron can recombine with any center 
which has lost its electron. This holds also for deactivation by tempera- 
ture or irradiation occurring in the absence of an electric field, if it 
is not assumed that the traps are so close to the primarily excited 
centers that recombination with the original center is more probable 
than any other process of this kind. 

Many of the electric phenomena described in the last paragraph.s 
and obtained with alkali halides containing F-centers have also been 
observed, at least qualitatively, with sulfide phosphors, and in the 
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latter they correspond in all details to analogous luminescence 
phenomena. Figure 176 shows the coincidence of the first absorption 
band and of the first excitation band of phosphorescence (‘‘^-band”), 
of external photoelectric effect, and of photoconductivity foraCaS(Bi)- 
phosphor. The small deviations of the various curves from one an 
other can be explained by the fact that the four measurements were 
performed with different phosphor samples which had only approxi- 
mately the same composition. Similar results were obtained with 
CaS(Cu)- and ZnS(Mn) -phosphors (507,557-5^9,5^2-5^). 

In one instance, photoelectric 
excitation was observed simul- 
taneously with the excitation of 
luminescence in a phosphorescent 
single crystal of zinc sulfide of 1 
mm length. It is regrettable that 
the activating impurity and the 
color of the luminescence are not 
mentioned. With the beginningof 
irradiation the e ectric current 
increased at room temperature 
relatively slowly: after 1 second 
it was still well below 1 % of its 
“saturation value" which was 
reached only after 150 seconds. 
The same slow rise of lumines- 
cence intensity after the be- 
ginning of irradiation of zinc sul- 
fide phosphors has been observed 
by various authors. After the end 
of the irradiation the electric current decreased even more slowly and 
dropped after 8 minutes to about 2 % of its peak value. The curves 
representing the decrease in electric current and in phosphorescence 
intensity had the same slope. Thus it seems that, at least in this 
sample, the excited electrons do not contribute appreciably to the 
photoelectric current on their way from the absorption centers to the 
traps, and that the current corresponds, in the main, to the transfer 
from the traps to the emission centers {8yga, 1842b). 

In Mn-activated zinc silicates, the photoelectric currents are 
appreciably smaller than in the sulfide phosphors, but the excitation 
spectrum of phosphorescence and photoelectric conductivity coincide 
again. Photoelectric conductivity of the same order of magnitude was 



Fig. 176. Excitation spectra of a 
CaS ( Bi ) -phosphor . 
a: phosphorescence (Lcnard). 

b: photoelectric emission 
(Goeggel). c : photoconductivity 
(Gudden and Pohl). d: ab- 
sorption (Walter), 
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obtained in other Mn-activated phosphors, such as the silicates, 
borates, and chlorophosphates of cadmium; in some of these, at least, 
the electric phenomenon is not connected with their luminescence. 
Not only are the photocurrents in manganese-free nonluminescent 
borates and chlorophosphates of cadmium as strong as in the lumi- 
nescent samples, but they are excited by light of wavelengths which 
does not excite luminescence in the latter. Only a very slight photo- 
electric current was observed by Randall in pure CaW04 and in 
CaW04(Sm), and practically no effect at all in ruby and in pure CaO 
(603,618,13350). 

The yield of photoelectric conductivity produced in a CaS(Cu)- 
phosphor by light of wavelength 253 7A, which is absorbed in the 
fundamental band of the base material, is much smaller than when 
the exciting light of wavelength 4357A is absorbed in the long-wave- 
length tail of the band or in a i^-band superimposed on this tail. 
Furthermore, in the first case the current decreases with time so 
that after a few minutes it drops practically to zero, whereas the 
current in the second case increases continuously to a saturation value 
{542). This difference in behavior is caused by the great difference in 
the absorption coefficients of the phosphor for the two wavelengths : it 
is about a thousand times larger in the fundamental band than in the 
^-bands, because the number of normal lattice ions is so much larger 
than that of the activating lattice defects. Therefore, the light of 
shorter wavelength is absorbed in a much thinner superficial layer of 
the crystal, the density of the activated centers and of the liberated 
electrons is very great, and a strong space charge counteracting the 
externally applied field is produced. On the other hand, the light of 
longer wavelength belongs to the spectral region in which the ab~ 
sorption bands of the excited and the unexcited phosphor overlap 
(compare Figure 173), and when electrons are trapped in increasing 
numbers, they are again released by “deactivating” absorption until 
equilibrium is reached. 

The appearance of new regions of enhanced absorption on the 
long-wavelength side of the normal absorption bands has actually 
been observed in the absorption spectra of fully excited zinc sulfide 
phosphors. In the “excited absorption spectrum” of ZnS(Ag), pro- 
nounced selective maxima at 6700 and 7500Awere observed by Hoch, 
while the new absorption of “pure” ZnS and ZnS(Cu) stretched con- 
tinuously from the orange to the near infrared (625). According to 
Urbach the strong narrow absorption band in the blue region which is 
characteristic of an unexcited SrS(Eu,Sm)-phosphor becomes much 
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weaker under the action of exciting radiation and, simultaneously, 
new “excited"’ absorption bands appear at 6000A and l/t. The 
intensity of these bands increases linearly with the time of excitation 
as long as the latter is well below saturation {iy 2 yc). 

Corresponding to the increase in “excited absorption, “ the re- 
flectivity of a ZnS(Cu)-phosphor decreases in the region of longer 
wavelengths when the phosphor is irradiated with exciting light. 
While under these conditions the change in reflectivity was below 3 % 
in a specific case for light of wavelength 4300 A, the reflectivity 
decreased by more than 8 % for light of wavelength 6750A. 

Irradiation of an excited sul- 
fide phosphor with light which is 
absorbed in the new absorption 
bands and which would be inactive 
in the unexcited phosphor fre- 
quently produces a photoelectric 
current. Figure 177 shows the 
photoelectric excitation spectrum 
of a CaS(Bi) -phosphor in the 
normal and the fully excited state. 
The conditions for the observation 
of this phenomenon are especially 
favorable at low temperature, at 
which the thermal energy is not 
sufficient to raise electrons from 
traps into the conduction band and 
phosphorescence is frozen in. Thus, 
Reimann succeeded in following the slowly decreasing photoelectric 
current in a zinc sulfide phosphor stimulated by red light at a tem- 
perature of — 193° C during a period of 40 minutes. Since the electric 
conductivity of a crystal is proportional to the number of electrons 
in the conduction band, the decrease of this number with time can be 
derived from such measurements (^ 08 , 13 ^ 0 ), 

The absorption of light in the “excited absorption bands” of a 
phosphor during the period of decay either enhances the intensity of 
the emission or the intensity of the phosphorescence is decreased by 
the irradiation. These phenomena of “stimulation” and “quenching”* 
provide valuable clues for the interpretation of the nature of traps 
and are more fully discussed in the following section. 

♦ These are the translations of Lenard's “Ausleuchtung" and “Tilgung.'* 
Stimulation was discovered by Seebeck at the beginningof the nineteenth century. 



Fig. 177. Excitation spectrum of 
the photoelectric emission of a 
CaS(Bi)-phosphor (Goethel). 
a: normal state. 6: after 
exposure to the exciting 
radiation. 
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According to Lenard the green phosphorescence of normal 
ZnS(Cu)-phosphors is quenched by infrared irradiation with a hundred 
times greater efficiency than it is stimulated. On the other hand, 
practically no photoconductivity is produced in excited ZnS(Cu)- 
phosphors by infrared light: thus, the electrons which are released 
from traps by a quenching irradiation are not transferred into the 
conduction band or are immediately removed from it by internal 
conversion [539,888 (III)]. 
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/ (sec) 

Fig. 1 78. Instantaneous enhancement of the phos- 
phorescence of a ZnS(Mn) -phosphor by application 
of an electric field (Hinderer). 


If the phosphorescence of a zinc sulfide phosphor is excited in 
the presence of a strong electric field, the decay of the phosphorescence 
is not influenced by the action of the field. However, if during the 
decay period a strong electric field is suddenly applied, one observes an 
instantaneous light outburst, after which the phosphorescence returns 
to its normal intensity and continues to decay normally. It is not the 
action of a constant field but the beginning of this action that produces 
the phenomenon. The effect increases with increasing voltage and is 
relatively stronger when it occurs in a late period of the decay process. 
After a short interval of time the phenomenon can be repeated (Figure 
1 78 ). If the direction of the field is reversed immediately after the first 
outburst, a second outburst is stimulated. By applying a slowly alter- 
nating field (3 to 60 cycles per minute), the total emission process is 
accelerated in a manner similar to that induced by irradiating the 
phosphor with stimulating light or by raising the temperature. The 
phenomenon has been obtained, also, with manganese-activated zinc 
silicate phosphors but with smaller efficiency (540,620,1335b). 
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If the excitation of a phosphor takes place in the presence of an 
electric field and is accompanied by a photoelectric curreht, space 
charges which are due to the trapping of electrons at a certain (uni- 
directional) distance from the positive holes are formed in the crystal. 
If no electric field is present during the excitation, the displacement of 
the electrons with respect to the positive holes is not large enough to 
give rise to measurable space charges, but it produces a change in the 
dielectric constant of the material; in the nomenclature of the Lenard 
school, this socalled D.K. effect is ascribed to the dielectric polarization 
of the centers. According to more modem views, the high polarizability 
of the trapped electrons probably must be interpreted as being due to 
• exceedingly large orbits in which the electrons move while in the 
quasi-stable states. 

The phenomenon was first observed with ZnS(Cu) -phosphors, but 
can be obtained with nearly every type of phosphor (alkaline earth 
sulfides, oxides, and selenides; carbonates, silicates, tungstates, etc.), 
although in some of them the ehects are very small. The D.K. effect 
is not stronger during irradiation when bright fluorescence is excited 
in equilibrium with phosphorescence than after the end of excitation 
when practically all excited electrons are in traps (459c). Light which is 
absorbed in the Mn+^-bands of a manganese-activated sulfide phosphor 
and which excites only fluorescence does not produce the D.K. effect. 
It follows that neither the electrons in the conduction band nor those 
in excited states of the activator, but only the electrons in traps, 
contribute to the effect. Although the D.K. effect is obtained when 
the primary light is absorbed either in the i^-bands or in the funda- 
mental absorption band of the base material of a Lenard phosphor, it 
depends in different ways on the frequency of the alternating electric 
potential which is applied in either case for the measurement of the 
dielectric constant. It is probabl}" the density of the excited centers 
which influences this phenomenon as it influences the photoelectric 
conductivity of a phosphor; and the density of excited centers 
depends on the absorbability of the exciting light and thus on its 
wavelength. 

When a long-lasting phosphorescence is excited by light absorp- 
tion in the ^-bands, the change in dielectric constant shows induction 
and decay periods parallel with the induction and decay periods of the 
luminescence. This parallelism provides a new method for the ivest- 
igation of the decay curve of an excited pho phor by observing the 
recovery of the altered dielectric constant to its normal value. In 
certain phosphors, especially in copper-activated mixed CdSe and 
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CdS* or ZnS-phosphors, the D.K. effect is large and shows almost no 
inertia.* With an illumination up to 3* IQr^ lumen per cm^ (30 lux), 
the change in dielectric constant is very nearly proportional to the 
intensity of the incident light and it is possible, therefore, to build a 
new type photoelectric cell, using the varying capacity of a condenser 
filled with the phosphor powder. At higher light intensities the D.K. 
effect tends towards saturation, but for phosphors with small inertia 
saturation is attained at intensities far exceeding 0.1 lumen per cm^ 
(1,000 lux). The spectral sensitivity distribution is very complicated; 
for a CdS2oCdSego(Cu) -phosphor it exhibits ten selective maxima 
between 2800 and 6500A, with the highest peaks at 4600 and 5200A 
(i66, 268b, 439a, 45gb,4g6,^i8,6oy,6o8, 10^2, zjgj ,1821,1842). 

Garlick measured the time of relaxation of the D.K. effect of 
some sulfide phosphors. The relatively high value of 10“’ sec which he 
obtained has been explained tentatively by the assumption that the 
lattice structure in the neighborhood of a trapped electron is distorted 
by the action of the applied electric field and that the recovery from 
this deformation takes a certain time. 

157. Phosphorescence Centers and Electron Traps* In gen- 
uine phosphorescence processes which can be frozen in at low 
temperatures the excitation energy must be stored in a quasi-stable 
state of some kind : the excited electrons are held in a trap from which 
they can be released only by intake of an energy? e. In the case of the 
organ ophosphors the quasi-stable state is caused by a specific elec- 
tronic or nuclear configuration within the absorbing molecule itself 
and, although in a different terminology, this is also the assumption 
upon which Lenard’s center theory of phosphorescence is based. 
By its great elasticity, Lenard's hypothesis provides an easy ex- 
planation of a great variety of phenomena. Since the composition 
of the centers is not sharply determined, a different center type can 
be made responsible for every new observation . There are ‘ ‘instantane- 
ous centers” (w-centers) and “duration centers” (df-centers), and, 
among the latter, centers of short, of medium, and of long duration, 
all with one and the same emission band. And since most Lenard 
phosphors have several emission bands prevailing in the afterglow 
at different temperatures, these are again ascribed to different centers. 
While the m-centers contain no electron traps, the f^-centers of un- 
equal duration are supposed to differ from each other by their unequal 

* It may be noteworthy that these seem to be the same phosphors which 
show strong infrared stimulation with very small inertia. 
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‘‘energy isolation” which, in turn, is caused by their unequal size*** 
( 890 ). 

In all phosphors in which photoelectric conductivity accompanies 
the process of phosphorescence, excited electrons must not be trans- 
ferred immediately from the ground state to the traps which thus 
(as in Lenard’s theory) would be associated directly with the “ab- 
sorbing centers,” but can pass through the conduction band before 
they are trapped. Nevertheless, strong evidence exists for the assump- 
tion that traps responsible for phosphorescence of long duration are 
produced by the introduction of activators into the crystals of the 
base material. While “pure ZnS” shows a strong instantaneous lumi- 
nescence, its afterglow is weak and fast-decaying. The afterglow of 
silver-activated ZnS is also short, that of ZnS(Mn) somewhat longer, 
and the brilliant green phosphorescence of ZnS(Cu) can easily be ob- 
served during more than half an hour after the end of the excitation. If 
zinc sulfide is activated with 0.12% of Mn and 0.001 % of Cu, the 
phosphor emits the orange luminescence characteristic of manganese 
which shows the long persistent phosphorescence characteristic of 
copper ( 402 b), 

Under constant exciting irradiation, the intensity of the orange 
Mn-band in the luminescence of a ZnS (Mn) -phosphor of low manganese 
concentration tends, with increasing intensity of the primary light, 
toward a saturation value, while the slope of the curve representing the 
intensity of the blue Zn-band is small at first and becomes much 
steeper in the intensity range in which the orange band approaches 
saturation. Since at low manganese concentration the emission of the 
orange band is due, even during the excitation period, almost exclu- 
sively to phosphorescence, it seems that when under weak excitation 
a small number of excited electrons is available, these are preferen- 

* It seems never to have been pointed out that this assumption, which 
recurs frequently in Lenard's discussions, is based on a fallacy. If a center is 
highly isolated with respect to energy exchanges with the surrounding medium, 
it will, as a matter of fact, take a long time for the deficient energy e to be 
transferred to the center from outside. This energy was, however, inside the 
center at the moment of excitation and was converted to some kind of nuclear 
oscillation by the transition of the electron from the directly excited to the 
quasi stable state. If the center is “highly isolated," the energy e Remains im- 
prisoned for a long time within the center and thus the diminished probability of 
an energy intake from without is overcompensated by the improbability of an 
energy loss from within. If phosphorescence centers of unequal duration exist, 
the difference in their behavior cannot be explained, therefore, by their unequal 
energy isolation, but only by the difference in the energy deficiencies. f of their 
quasi-stable states or by a difference of the coefficients in Equation 62. 
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tially caught in traps from which they can recombine only with 
“excited'' maganese emission centers. When under stronger excitation 
practically all traps are filled, the excited electrons recombine pre- 
ferentially with excited Zn-centers and not with Mn-centers, either 
because the former are much more numerous or because they have 
greater capturing cross sections (^ 67 ,^ 97 , 9 x 7 ^, 977 ^). 

Similar phenomena were observed with respect to the green 
copper band in ZnS(Cu) -phosphors of low copper concentration. It 
seems that, while in ZnS(Mn,Cu)-phosphors the traps due to the 
presence of copper provide electrons for the emission of the Mn-band, 
the trapped electrons in ZnS(Cu) -phosphors recombine with Cu-centers 
only and not with Zn-centers. 

These observations suggest that the incorporation of certain 
activator metals in a crystal — for instance, of copper in zinc sulfide — 
are apt to produce traps in which electrons can be held for a long time ; 
they are corroborated by phenomena occurring in the stimulation of 
phosphors. The data directly concerning the “excited absorption 
spectra” of phosphors are scarce, but stimulation spectra have been 
investigated very thoroughly, for technical reasons, during the last 
years. 

Urbach was the first to show that the “stimulability” of many 
phosphors can be increased greatly by adding a second activator to 
the base material; simultaneously, the decay of the spontaneous 
phosphorescence due to the first (the “dominant”) activator becomes 
slower. SrS(Sm)- and SrS(Bi) -phosphors show the bands characteristic 
of Sm and Bi in their phosphorescence spectra, but only the bands 
of the dominant activators, Eu,Ce, etc., appear in the stimulated after- 
glow of the mixed phosphors, SrS(Eu,Sm), SrS (Ce, Bi), etc. However, 
while the stimulability of the phosphorescence due to the dominant 
activators is enhanced, the “stimulation spectrum” is characteiistic of 
the “auxiliary activator” (Sm, Bi, Sn, etc.), irrespective of the nature 
of the former {23a, 1274a, 1518a J727bj72yc), 

Curve 1 in Figure 179a shows the stimulation spectrum due to the 
auxiliary activator Sm in SrS-phosphors activated with Eu, Mn, and 
Ce. The maxima of the emission bands of these phosphors are at 6350 A 
for Eu, at 5700A for Mn, and at 4800 and 5300A for Ce, but their 
stimulation spectra coincide exactly. If Bi is used instead of Sm as 
auxiliary activator in a SrS(Ce)-phosphor, the emission spectrum is 
the same as in the SrS(Ce,Sm)-phosphor but the stimulation spectrum 
has a widely different shape (curve 2 in Figure 179a). The stimulation 
spectra corresponding to given auxiliary activators (for instance, Sm 
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or Bi) maintain their general character in phosphors with different 
base materials (for instance. SrS.CaS, or SrSe), but the wavelengths 
of the bands are changed. Apparently, new traps are formed by the 
presence of an auxiliary activator, and the stimulation spectra are 
absorption spectra of electrons which are caught in these traps. It 
seems natural to assume that traps of the same type are formed 
by the presence of Bi in a simple SrS(Bi)-phosphor. The phosphor- 
escence of this phosphor is not stimulated but is quenched by irra- 
diation with red and near-infrared light; as shown by curve 3 in 
Figure 179a, the quenching spectrum of SrS(Bi) and the stimulation 
spectrum of SrS(Ce,Bi) are practically identical. The primary pro- 
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Fig. 179. Stimulation and quenching spectra of phosphors. 

[a] SrS-phosphors (Urbach). 1 : stimulation spectrum of SrS(M,Sm) ; 

O, M — Ea; A. M — Mn; M — Ce. 2. stimulation spectrum of 
SrS(Cc,Bi). 3: quenching spectrum of SrS(Bi). 

(b) CaS(Bi)-phosp]ior (Lenard). 1: stimulation. 2: quenching. 

cesses in the quenching of the one and the stimulation of the other 
must be the same. On the other hand, the strong spontaneous phos- 
phorescence of SrS(Bi) -phosphors is accompanied by photoconducti- 
vity; when electrons are raised by thermal energy from traps into 
the conduction band, they generate the emission of light. If, on the 
other hand, the energy stored in an excited SrS(Ce,Sm) -phosphor is 
released by a rise in temperature instead of irradiation with infrared 
light, the samarium fluorescence spectrum is emitted as it is in the 
normal phosphorescence of a SrS(Sm)-phosphor at room temperature 
(i 54 bjy 2 yb ) . This seems to prove that the absorption of stimulating and 
quenching radiation transfers electrons from the traps to states from 
which, in some cases, they may re-enter the normal cycle of the 
phosphorescence process, while, in others, they return to the ground 
state in a radiationless process. It must be mentioned that, according 
to Lenard's observations, almost every phosphor can be stimulated 
and quenched by irradiation, although the relative strength of the two 
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effects varies greatly for different phosphors, and that, moreover, the 
stimulation and the quenching spectra of a given phosphor do not 
coincide, as shown in Figure 1796 for a CaS(Bi) -phosphor [iy 2 yh,c). 

Since Lenard found that ZnS(Cu) -phosphors have almost no 
stimulability and their phosphorescence is strongly quenched by 
irradiation with red light, one might expect that Cu should play the 
same part in ZnS-phosphors which Bi and Sm play in SrS-phosphors. 
However, according to Fonda, the stimulation spectra of ZnS(Mn), 
ZnS(Pb,Mn), ZnS(Pb,Cu), and ZnS(Mn,Cu) coincide and he suggests 
that traps in these phosphors are due to odd Zn-atoms whose number 
is increased by the introduction of auxiliary activator atoms displacing 
the atoms of the matrix lattice. The same stimulation spectrum 
appears also in “pure” ZnS if it is prepared in the presence of an excess 
of ZnO and sulfur. However, the fact mentioned above that “pure” 
ZnS never shows a persistent afterglow is a strong argument against 
the assumption that the presence of odd Zn-atoms is the origin of the 
stable traps in other ZnS-phosphors. It does not seem to be improbable 
that small traces of copper acted as “auxiliary activator” in all these 
phosphors { 4020 , 12010 ). 

No interpretation of the exceptional behavior of mixed 
ZnS(Tb,Cu)-phosphors is available. The spontaneous phosphorescence 
of a ZnS (Tb,Cu) -phosphor at room temperature exhibits the green 
color characteristic of ZnS (Cu) -phosphors but upon infrared stimula- 
tion the luminescence is red ; apparently the terbium ions are the only 
stimulable emission centers in these phosphors. On the other hand, the 
emission spectrum of ZnS(Pb) consists of two bands, one in the green 
with a peak*at 4900A and one in the yellow with a peak at 5800A ; the 
excitation spectrum of the first reaches from 2500 to 4400 A, and that 
of the second from 4400 to 5300A. The afterglow of the green band 
is very short, while the yellow band decays slowly and is visible almost 
alone at higher lead concentrations ; only the green band is stimulated 
in this case by irradiation with infrared light { 4020 ). 

In zinc silicate phosphors and in other phosphors belonging to the 
same group, such as cadmium silicate and zinc beryllium silicate 
phosphors, an appreciable increase in the duration and intensity of 
the afterglow is produced by the addition of arsenic, which probably 
is converted to zinc arsenate in the process of preparing the phosphors. 
Since the addition of arsenic does not cause the appearance of new 
bands in the emission spectrum, it must be concluded that its presence 
in the crystal provides new electron traps which are more efficient than 
the other lattice defects. Similar but weaker effects are produced by 
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the addition of antimony. The admixture of arsenic becomes in- 
effective when small amounts of lithium chloride are used as flux in 
the preparation of the phosphor, apparently because the formation 
of electron traps is impeded under these conditions {447<i), 

Acc<R:ding to Strange, the decay of the phosphorescence of Mh- 
activated zinc borate phosphors is slowed down by the addition of 
nickel at a concentration of 10 “^%, a result which is opposed to the 
strong quenching effect of nickel in other phosphors (< 2 ). 

The afterglow of pure calcium tungstate is of very short duration 
but the weak photoconductivity observed by Randall, and the fact 
that in samarium-activated calcium tungstate the emission of the 
characteristic Sm-bands can be excited by light absorption in the 
fundamental band of the base material, seem to prove that electrons 
are raised by this absorption from the ground state of the CaW04- 
lattice into the conduction band. (Otherwise the transfer of energy 
from the CaW04-molecules to the Sm-ions might be due to exciton 
migration). By the incorporation of lead in the crystals, the phosphor- 
escence becomes much more persistent, apparently, again, becau.se of 
the formation of new traps {268a, 1436, 1602), 

The alkali halide phosphors of the type KCl(Tl) are the only 
phosphors with a persistent afterglow which were supposed not to 
become photoconductive when they are irradiated with exciting light. 
Seitz assumed, therefore, that in a KCl(Tl) -phosphor the “traps” 
are metastable or quasi-stable states of centers which probably are 
formed by the interaction of two closely adjacent Tl+-ions (compare 
Section 160 ), and that the absorption and emission processes are 
wholly confined to such a center. Thus, phosphorescence would be a 
strictly monomolecular process in these phosphors (i486), Kato 
showed, however, that, when the phosphorescence of excited KCl(Ag), 
NaBr(Ag), and KCl(Tl) is stimulated by irradiation, the phosphors 
become photoconductive and the photocurrents are proportional to 
the intensity of the stimulated phosphorescence, irrespective of the 
wavelength of the stimulating radiation. If electrons which are 
released from traps by stimulation pass through the conduction band 
on their way to the emission centers, it seems to be very improbable — 
although not definitly disproved — that the thermal release from traps, 
corresponding to “normal" phosphorescence, is a strictly monomole- 
cular process occurring inside of a single atom or molecule (732a). 

If a Lenard phosphor is excited to saturation at a temperature 
which is so low that almost the total absorbed energy is stored in 
traps and the electrons cannot escape after the end of the excitation 



PHOSPHORESCENCE CENTERS AND ELECTRON TRAPS 


549 


period, and if the temperature is slowly raised subsequently, one of the 
several phosphorescence bands which are characteristic of the phosphor 
appears at a certain temperature and decays according to its normal 
law. If the temperature is increased after this luminescence has practi- 
cally vanished, the second band and eventually, at a still higher 
temperature, a third band is emitted. Thus, it seems that individual 
traps are somehow connected with individual emission centers. The 
easiest explanation of this behavior is, of course, the one given by 
Lenard — namely, that every center contains its own trap; or, the 
microcrystals of which the phosphor powder consists may not all be of 
the same nature and every grain may contain traps of only one depth 
and emit onh^ one band. This would allow the excitation of photo- 
conductivity and of bimolecular processes. If all grains of the phosphor 
are supposed to contribute equally to the total emission process, one 
would have to assume that they contain traps of three different depths 
from whicli the electrons are released, in the main, at three tempera- 
tures and that the wavelength of the band emitted by the emission 
centers depends on the temperature. 

At any rate, it must be assumed that even in crystals with a 
single emission band, in general, not all electron traps have the same 
depth or the same heat of activation. This hypothesis corresponds 
to the existence of centers of unequal duration in Lenard’s nomen- 
clature. Its introduction is rendered necessary not only by the im- 
possibility of representing most phosphorescence decay curves by a 
simple exponential or a clear cut second order reaction but also for the 
interpretation of a large number of other observations. 

Lenard mentions some phosphors with two or three ‘^optimal 
temperatures*' for the intensity in the afterglow of one and the same 
band. According to Johnson, the frozen-in phosphorescence of Mn- 
activated silicate phosphors is released in steps with pronounced 
intensity minima separating strong outbursts, when the temperature 
is slowly raised from — 193° to 20° C. This has been corroborated in 
a more quantitative manner by Randall and Wilkins, who obtained 
such outbursts at — 150°, — 90°, and — 13° C. If an electric field is 
applied to the phosphor during the heating period, a sudden increase 
occurs at — 13° C in the electric current which accompanies the 
phosphorescence : when the electrons are released from their traps, 
they pass through the conduction band before the light emission takes 
place. Similar phenomena were obtained by Tiede, by Randall, and by 
Williams with numerous other phosphors. They are discussed in later 
paragraphs (see also Section 165) (6oja, 6g2, 1335b, 1671, i842h, 1842c). 
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If, during the first minutes after the termination of the excitation, 
the temperature of a CaS{Bi)-phosphor is raised by a few degrees, 
the intensity of the luminescence is greatly enhanced; at a later 
moment of the decay period a much higher temperature must be 
applied in order to produce an appreciable stimulation of the emission. 
If a Lenard phosphor is excited at 180° C and the temperature is 
lowered to 25° C after a short period of emission, the afterglow is 
suppressed and reappears only when the initial temperature is 
restored. At 1 80° C all traps with small heat of activation are depopula- 
ted rapidly and at 25° C the available thermal energy is insufficient 
to lift electrons from the lower traps to the conduction band {8go), 

If a ZnS(Pb)-phosphor at the temperature of liquid nitrogen is 
fully excited and then stimulated with light of A > Ifc, only those 
electrons are removed from their traps which would contribute to the 
spontaneous phosphorescence at room temperature : if the phosphor is 
heated in the dark after the end of the stimulation, it spontaneously 
('mits very little light when it has reached room temperature, in 
comparison with a phosphor which had not been stimulated at 
— 193° C before being heated. After the latter has decayed to a low 
brightness, renewed irradiation with light of A> 1/4 stimulates in 
both phosphor samples a strong emission of practically the same 
intensity. If, on the other hand, the first phosphor had been stimulated 
at — 193° C with light of A > 0.6/x., subsequent irradiation at room 
temperature with light of A > Ifx produces no new stimulation. Thus, 
all electrons which can be released from their traps at 25° by light of 
A > 1/4 can be set free at — 193° C by the larger quanta corresponding 

to A = 0 . 6 / 4 . Electrons which at 193° C are not released by the small 

quanta corresponding to A> 1/x must be raised spontaneously to 
traps of smaller depth when the temperature is raised from — 193° 
to 20° C {402c). 

This behavior seems to show that that, in this case, each trap in 
the crystal contains a number of levels of various depths and that the 
electrons are distributed among these levels according to thermal 
equilibrium, each trap containing only a single electron. It may 
perhaps be possible to interpret some of the phenomena described in 
the last paragraph by a temperature dependence of the ‘‘constants” 
in Equation (86). 

In some phosphors of the sulfide and of the selenide type the 
stimulation has practically no inertia and follows the intensity of the 
stimulating radiation within a wide range with time lags of only a 
millisecond {1154a). In other phosphors — for instance, CaS(Bi), 
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SrSe(Eu, Sm) and KCl(Tl) — the enhancement of the phosphor- 
escence by stimulation outlasts the period of irradiation, sometimes 
by several minutes (ii^4a,i2g3a,iy86b,iy86c). Here, independent traps 
of unequal depths must exist and no spontaneous exchange between 
levels of different energy can be assumed. Otherwise, the thermal 
equilibrium which existed before the beginning of the stimulation 
would be restored automatically w'ithin a time exceedingly short in 
comparison with a second, and the luminescence would at once return 
to an intensity below that observed before the stimulation. The inertia 
of the stimulation can be explained, however, by the assumption that 
the more shallow traps, which are the first to be depopulated in the 
course of the phosphorescence process, are partially refilled b\' 
electrons which the stimulation had transferred from lower traps to 
the conduction band. Obviously, the effect of stimulation will bt* 
relatively greater if it occurs in an advanced part of the decay f)eriod, 
at a time when all shallow traps are completely emptied. 

The energy of activation e needed for transferring the electrons 
from the traps to the state from which tlie emission of the phosphor- 
escence can originate has been calculated quantitatively for the first 
time by Biienger and Tlechsig for a KCl(Tl) -phosphor. Assuming a 
strictly rnonomolecular reaction, they derived the value of e from th<.‘ 
temperature coefficient of the lifetime of the phosphorescence, ac- 
cording to the equation : 

1/t = (I/tq) const sec“^ (89) 

and obtained f — 0.67 eV or 15.4 kcal per mole {i8y). 

The phosphorescence of KCl(Tl) can be stimulated by irradiation 
with light which is not able to excite the phosphor in the ground state. 
The spectral distribution of the stimulating light is schematically 
reproduced in Figure 180a; it reaches from about 16000A in the infra- 
red far into the u.v., and shows a number of selective maxima, the 
strongest of which is situated at 3550 A. This corresponds to an energy 
of 3.5 eV, far exceeding the heat of activation and proving that in this 
instance the electrons are transferred not by the absorption of stimu- 
lating radiation directly into the state from which the emission takes 
place, or that they originate from much deeper traps than the electrons 
which contribute to the spontaneous phosphorescence at room 
temperature {i88). 

The relation between the vaiious absorption, emission, and 
stimulation bands of a KCl(Tl) -phosphor is represented by the level 
diagram of Figure 1806. This scheme, which was proposed by Buenger 
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and Flechsig, has the peculiarity that the two levels designated as 

1 and 2 are supposed to be the states from which the u.v. and the 
visible phosphorescence are emitted and to be, simultaneously, the 
corresponding quasi-stable states : no energy difference exists between 
the states, which in P'igure 1 were designated by F and M. Although it 
is very improbable, such an equality of the two energies is not impos- 
sible in this case, because the quasi-stable levels 1 and 2 are reached, 
from excited levels I and II with energies exceeding those of 1 and 

2 by more than 0.67 eV ; one can assume, therefore, that a potential 
barrier of 0.67 eV separates the quasi-stable states from the emission 
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Fig. 180. Absorption, emission, and stimulation of a KCl(Tl)-phOvSphor 
(Buenger and Flechsig). 

a: intensity distribution of the spectra, b: energy levels for their re- 
presentation. 

levels. In phosphors in which the electrons are supposed to pass from 
the conduction band into the traps and from the traps back into the 
conduction band, a potential barrier is not supposed to separate the 
traps from the conduction band, but the former must lie below the 
latter, the energy gap between them being equal to the heat of activa- 
tion. Otherwise, the electrons would need a heat of activation in order, 
also, to enter the traps. However, this last possibility cannot be ex- 
cluded completely, although it seems that it has never been taken into 
account. 

The levels marked I, //, III, and 7F in Figure 180^ are reached 
by absorption either of exciting light by the phosphor in the ground 
state or of stimulating light by the electrons trapped in 1 and 2. From 
/, II, III, and IV the electrons are able to return to the unstable 
levels 1 and 2 with subsequent emission of luminescence. 

The diagram is based on the numerical relations between the 
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frequencies of the various observed bands, but it cannot be accepted as 
satisfactory. Seitz has proposed, instead, a scheme of potential curves 
taking no account of the selective bands in the stimulation spectrum 
(i8y, 188,1486). 

A relatively simple method for the determination of the energy 
needed for the release of trapped electrons, which lately has been used 
by various authors, originally was designed by Urbach who applied 
his method to the investigation of nonactivated alkali halides which 
were made luminescent by exposure to the radiation from a radio- 
active source (see Section 169) (T725). 

Without, apparently, knowingof Urbach’s earlier papers, Randall 
made use of the same principle for obtaining relative values of the 
trap depth e of photoluminescent phosphors; he converted these to 
absolute values by referring them to the data obtained by Buenger and 
Flechsig and assuming that 5 and I/tq in Equations (87) and (89), 
respectively, do not depend on temperature [13356 ) . 

The phosphor under investigation is fully excited and then its 
temperature is lowered somewhat below the temperature at which 
the experiment is to be started. Subsequently, the phosphor is heated 
at a constant rate ^ — for instance, with p == 2.5° C per sec — and the 
brightness of the luminescence is measured as a function of the 
temperature. If the phosphor contains traps of only a single depth e, 
the brightness increases at first, because at the very lowest tempera- 
tures very few electrons leave the traps; then the luminescence in- 
tensity reaches a peak value and decreases again, because with rising 
temperature the traps are quickly depopulated ; and finally the lumi- 
nescence drops to zero. The shape of such a “glow curve” depends 
little on the value of jS, while the location of its peak is shifted 
slightly to lower temperatures if ^ is smaller. Curves a and b of Figure 
181 are plotted according to theory and using Buenger ’s and Flechsig’s 
values: s = 0.67 eV and 1 /tq =* 5 ~ 2.9- 10® sec'”^ with ^ == 2.5° C 
per sec in a and 0.5° C per sec in b. An experimental glow curve 
obtained with a phosphor of the type used by Buenger and Flechsig 
agrees with the theoretical curves within a few per cent. 

Within certain limits, the resolving power of the method can be 
improved by decreasing the rate of heating (the value of ^). It is clear, 
however, that the ideal glow curve must be distorted by too small 
values of ^ quite as much as by too large values. At a very low rate 
of heating, even deep traps will be depopulated at relatively low 
temperatures so that the low temperature branch of the curve is 
blurred; whereas, at a very high rate of heating, many of the shallow 
Pringsheim 20 
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Fig. 181. Glow curves for various phosphors (Randall). 

a: theoretical curve for KCl(Tl) with ~ 2.5°/sec. b: same with P = 
0.5°/sec. c: experimental curve for SrS(Bi). d: experimental curve for 

Zn 2 Si 04 (Mn). 


traps will retain their electrons up to relatively high temperatures. 

It can be shown that, to a first approximation, the depth of the 
trap is proportional to the temperature Tg corresponding to the peak 
of the glow curve : 

£ = kTg [1 — fip, s)] logics (90) 

where /, an unknown function of p and s, is supposed always to be 
much smaller than unity. 

Randall conceived two methods of determining the values of s, 
and since the values which he obtained vary only from 10* for ZnS and 
SrS to 10^^ for CaS, logio^ is always of the same order of magnitude 
(~ 10), and: 

er^yTg ■ (91) 

The value of y is derived by introducing in this equation the values 
obtained with the K Cl (Tl) -phosphors, Tg — 340° K and e = 0.67 eV, 
whence y 1/500, so that a peak of the glow curve at 100° K corre- 
sponds to a trap depth of 0.2 eV. 

Curves c and d in Figure 181 are experimental glow curves ob- 
tained with a SrS(Bi)- and a Zn 2 Si 04 (Mn)-phosphor. They differ from 
curve a (plotted under the assumption that only one sharply defined 
trap depth occurs) by the appearance of several peaks and by the 
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great diffuseness of some of the peaks. In these phosphors the values of 
e are distributed over a wide range, with greatest densities at the 
energies represented by the peaks. 

The interpretation of the glow curves would remain correct even 
if the various peaks should correspond to the appearance of different 
bands in the emission spectrum of a phosphor. According to Lenard, 
this should be the case for most alkaline earth sulfide and oxide 
phosphors. Only the relative heights of the individual peaks would 
have to be reduced in conformity with the spectral sensitivity distri- 
bution of the photometer. 

No great similarity is apparent in the distribution of the peaks 
in the glow curves of various Mn-activated phosphors (borate, silicate, 
chlorophosphate of cadmium; zinc silicate, zinc beryllium silicate, 
etc.) ; this gives no indication that the traps are associated with the 
activating impurity, but it does not disprove the validity of such an 
assumption, since the depth of the traps caused by an impurity atom 
would depend also on the nature of the base material. 

Low-temperature peaks in a glow curve indicate the existence 
of shallow traps which are emptied within a very short time at higher 
temperatures ; a peak at — 73°C (200° K), for instance, corresponds at 
room temperature to a mean lifetime of the phosphorescence of 10~^ 
sec. Traps of the same nature cause a long-lasting afterglow at — 100° 
C. The low-temperature peaks are missing in the glow curve if the 
phosphor is allowed to decay for some time at room temperature 
before it is cooled and the glow curve is recorded. 

Wliile a glow curve represents, with a certain approximation, the 
distribution of trap energies in a phosphor, the relative numbers of 
traps of various depths can be derived from the areas under the 
corresponding peaks only if it can be assumed that the luminescence 
yield is independent of temperature. However, in many instances the 
yield decreases very strongly with increasing temperature, and since 
this is probably due to internal conversion occurring while the electrons 
are in the conduction band, the numbers of deep traps which would be 
indicated by the height of the high-temperature peaks would be 
relatively too low (360a). 

A clear connection between the peaks in the glow curve and those 
in the stimulation spectrum of a phosphor does not seem to exist, just 
as no relation exists between the selective frequencies of stimulation 
and the heat of activation of the phosphorescence of a KCl(Tl)- 
phosphor. The reason for this is probably the same in both instances : 
it is not certain that the stimulating absorption transfers electrons 
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directly into the conduction band or into the level from which the 
emission of luminescence originates; and even when this happens, the 
radiation energy spent in the absorption process can be appreciably 
larger than the energy gap separating the trap from the higher state 
because of the validity of the Franck-Condon principle (compare the 
first paragraph of Section 158.). A coordination of trap depths derived 
from a glow curve and of values corresponding to peaks in the 
stimulation spectrum are, therefore, rather arbitrary. No phosphors 
which are sensitive to infrared stimulation with light of wavelength 
beyond 1.6, even at the temperature of liquid nitrogen, can be ob- 
tained, while the existence of traps with activation energies as low 
as 0.3 eV can be derived from glow curves; according to Lenard, 
complete stimulation spectra in general, stretch far into the region 
of shorter wavelengths, where they overlap the normal excitation 
spectra (see the curves of Figures 179a and h). Furthermore, according 
to Urbach, the shape of the stimulation spectra and the wavelength 
of their peaks are not altered when the stored energy of a phosphor 
is progressively exhausted by heat treatment or by a long-lasting 
infrared irradiation; only the total height of the peaks is reduced, 
while the relation between the heights of the various peaks in the glow 
curve is greatly altered under these conditions* (iJ33a, b). All these 
arguments seem to prove that the electrons are raised by absorption 
of stimulating radiation to levels which lie well above the lowest part 
of the conduction band, although they may still lie inside of this band 
which has a width of several eV. 

158. Pr€>€es6e8 of Excitation and Emission. Insofar as lumi- 
nescence processes which occur completely inside of an atom or a 
molecule are concerned, crystal phosphors do not differ from other 
luminescent systems. Even if the absorption and emission corre- 
spond to the same electronic transition, however, relatively large 
Stokes shifts have a great probability : as pointed out by the authorf 
and later by von Hippel, the equilibrium configuration of the lattice 
in the neighborhood of an excited “center” is not the same as that of 
the unexcited state and, since the rearrangement of the configuration 

* It is worth mentioning that the relative heights of the peaks in the glow 
curve of Urbach's radioluminescent alkali halides are greatly altered by “stimu- 
lating irradiation." After a few minutes of irradiation a low-temperature peak 
disappears almost completely, while the peaks corresponding to higher tempera- 
tures are h^-rdly affected. Obviously, the exposure to and y-rays produces 
traps in the crystal differing not only with respect to their depth but also with 
respect to other properties (Z 725 ). 

t Hb. d. Phys., 23, 284 (1932) {X), 
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occurs after the electronic transitions which correspond to the ab* 
sorption and emission processes, respectively, the emission band can 
be separated from the absorption band by a wide gap. Therefore, it 
seems permissible to ascribe the m-bands in the excitation spectra of 
Lenard phosphors to the same electronic transitions as the emission 
bands and to interpret the “m- process’' as a normal fluorescence or, 
occasionally, as a slow fluorescence (622). 

The phenomena which are characteristic only of crystal phosphors 
occur when the exciting light is absorbed in the fundamental bands of 
the base material itself or in the bands which are caused by the 
perturbations due to the presence of activating impurities. In both 
cases, electrons are raised into the conduction band; having remained 
there a certain time, or having been trapped and again released, they 
return to the ground state and produce the light emission. 

The first problem presenting itself is the question of why the 
electrons excite the radiation characteristic of an activating impurity 
of very low concentration even when they have been dislodged from 
the ground state of the matrix lattice by the absorption of light. It 
must be assumed that, on the one hand, the electrons and the positive 
holes have a very small probability of recombining while they move 
through the crystal lattice and lose their energy by internal conversion 
when they recombine, and that, on the other hand, the holes become 
stabilized when they reach the immediate neighborhood of an im- 
purity atom. 

Schoen proposed a hypothesis which has been accepted by many 
investigators. According to this hypothesis, the ground state of the 
activating atom (A in Figure 172) is of a somewhat higher energy than 
the ground state of the base lattice. Thus, the positive hole formed in 
the latter would always be filled by an electron dropping into it from 
A and the hole would be stabilized in the activating atom itself. The 
final process would consist in the light emission occurring when an 
electron in the conduction band recombines with the hole in A [Qj 46 f). 

It is certain that this process does not take place in a single step. 
From phosphorescence decay curves, which will be discussed in the 
following section, Johnson concludes that in manganese-activated zinc 
silicate the electrons which have been raised into the conduction band 
are immediately trapped in an excited level of the activator and the 
luminescence is emitted when they drop from there to the ground 
state. Where the emission spectra are sufficient!}^ characteristic, as in 
phosphors activated with manganese or a rare earth, they are known 
to be due to internal transitions inside of the activating ions, and it is 
Pringsheim 20* 
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at least probable that this holds also for other activators. Besides, the 
fluorescence and the phosphorescence spectra of numerous phosphors 
coincide and in fluorescence processes electrons are not completely 
detached from their emission centers. 

Thus, one is not justified, in general in drawing conclusions about 
the height of the ground state of an activator from the wavelength 
of its emission band and to assume that this level lies closer to the 
conduction band because the wavelength of the luminescence band 
is shifted toward the red end of the spectrum. Obviously, this is 
not the reason why the phosphorescence of sulfide phosphors activated 
with europium and gadolinium is red and ultraviolet, respectively. 
Even when the color of the luminescence due to the activation by 
a metal depends greatly on the nature of the base material, this can 
be due to the influence of the surrounding molecular fields on the 
various excited levels of the activator. On the other hand, the paral- 
lelism in the shifts of the fundamental absorption bands and the lumi- 
nescence bands of silver- and copper-activated ZnCdS-phosphors with 
increasing cadmium concentration suggests very decidedly the ex- 
istence of a common cause for the two shifts. The long-wavelength 
limit of the fundamental absorption band can be displaced toward the 
red only because the energy gap between the ground state of the matrix 
lattice and the conduction band is reduced and the latter has been 
lowered with respect to the former. However, even in this case it is 
not necessary to assume that the shift of the emission band is directly 
due to a corresponding decrease in the distance between the conduction 
band and the ground state of the activator; it is well possible that the 
change in lattice forces by which the energy of the electrons in the 
conduction band is lowered influences, also, the energy differences 
between the various excited states of the activator (S). 

Randall concludes from his experiments that the probabilities of 
an electron in the conduction band being captured by a trap or an 
emission center are of the same order of magnitude and that the two 
processes should, therefore, be of a similar nature: a radiationless 
transition into a level not far below the conduction band, either a trap 
or a high excited level of the activator. Since the emission spectra of 
phosphors activated with rare earths and manganese e^^hibit only lines 
and bands corresponding to transitions from low excited levels to the 
ground state of the ions, the transition from the activator state, in 
which the electron is caught at first, to the emitting state would have 
to be ascribed to another radiationless transition (internal conversion). 
Moreover, it is not certain that the ground levels of activators such as 
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the trivalent rare-earth ions and divalent manganese ions always lie 
above the ground level of the matrix lattice and that thus, for instance, 
an Eu+++~ion would lose a fourth electron to the positive hole in 
order to become an “excited emission center.’' It seems preferable, 
therefore, to make the more general assumption that the positive 
holes are stabilized either in the activator atom or in the close neigh- 
borhood of an activator atom, which always represents a point of a 
lattice defect. Apart from the excited states of the activator itself, 
every lattice defect gives rise to the formation of discrete energy levels 
in the forbidden zone between the ground state and the conduction 
band; the stronger the perturbation caused by the defect, the farther 
these stretch into the surrounding lattice [ 64 oh). If, eventually, the 
electron recombines with the hole and the latter is not stabilized in the 
activator itself, the recombination energy is partially transferred to 
the activator thus exciting the latter. According to a hypothesis pro- 
posed by Franck, this energy transfer is a typical process of sensitized 
fluorescence : when the electron is captured by the hole, its potential 
energy is converted by internal conversion into lattice vibrations and, 
when the vibrational energy has dropped to a level in resonance with 
the excitation energy of the activator, the energy is transferred to the 
activator. 

This hypothesis can account for the fact that if a phosphor 
contains two activators of different nature, either the emission bands 
of both appear jointly in the phosphorescence spectrum, or one is 
suppressed by the presence of the other. In the first case, the hole 
has an equal probability of being stabilized in the neighborhood of 
either activator; in the other case, one of the activators has a much 
greater ability to capture the hole than the other. 

Addition of praseodymium to a CaS(Sm) -phosphor quenches the 
samarium lines in the phosphorescence spectrum. With 1 % of Sm and 
0.1% of Pr, practically only the praseodymium lines appear in the 
afterglow, while the samarium lines retain their full intensity in the 
fluorescence spectrum, even when the concentrations of praseody- 
mium and samarium are equal. The fluorescence process takes place 
entirely inside the rare-earth ion, while an electron raised into the 
conduction band excites only the phosphorescence of praseodymium 
{ 153 )- 

Figure 182 shows the luminescence spectra of a CaS{Sm)-, a 
CaS(Bi)-, and a “mixed” CaS(Sm,Bi)-phosphor excited by near-u.v. 
light which is absorbed in the d-bands of the phosphors. Two lumines- 
cence bands at 4500 and 5950A have about equal strength in the 
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emission spectrum of the pure bismuth phosphor. In the mixed 
phosphor the bismuth bands are almost completely suppressed, while 
the Smdines between 5680 and 6600A are greatly enhanced when 
compared with their intensities in the spectrum of the bismuth-free 
CaS(Sm) phosphor. The samarium lines are strongly excited by irra- 
diating the pure CaS(Sm) -phosphor with short-wavelength u.v. which 
is absorbed by the base material, and, in this case, the samarium 
phosphorescence is not further enhanced by addition of bismuth to the 

phosphor. The “sensitization'’ 
of the Sm-phosphorescence by 
bismuth is apparently due to 
the production of additional 
centers which are able to ab- 
sorb near-u.v. radiation. Simi- 
lar effects are obtained with 
samarium-activated SrS-phos- 
phors when they are sensi- 
tized with bismuth and with 
CaS- and SrS-phosphors when 
they are sensitized with lead 

These phenomena are 
closely related to the stimu- 
lation phenomena described in 
the preceding section. In a 
mixed vSrS(Sm,Bi) -phosphor 
Sm is “dominant'’ and Bi 
“auxiliary”: the number of 
traps is increased due to the 
presence of bismuth, but elec- 
trons released from these 
traps by stimulation contri- 
bute only to an enhancement of the samarium phosphorescence. In 
the same way, the stimulation of the Eu-band in the afterglow of a 
SrS(Eu,Sm)-phosphor may be put in parallel with the exclusive exci- 
tation of the praseodymium phosphorescence in a CaS(Pr,Sm) -phos- 
phor. However, the characteristic lines of europium and samarium 
appear and decay in the afterglow of a mixed CaS (Eu,Sm) -phosphor 
exactly in the same relative intensities as in a mixture of CaS(Eu)- 
and CaS(Sm)-phosphors, and this proves that the relative probabilities 
of the excitation of two activators depends on the nature of the base 



Fig. 182. Luminescence spectra of 
samarium-activated CaS-phosphors 
(Rothschild). 
a : CaS{Bi) at 20° C 
b: CaS(Sm,Bi) at 20° 
c : CaS(Sm) at 20° 
d: CaS(Sm.Pb) at 20° 
f’: CaS(Pb) at 20° 
t: CaS(Sm.Pb) at 100° 

>: CaS(Sm) at 100° 
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material as well as on the nature of the competing activators them- 
selves [i$4h,iy2yh,iy27c). * 

The red luminescence of calcite containing manganese as the only 
impurity can be excited by cathode rays, but it has been mentioned 
previously that u.v. irradiation (with the Hg-lines at 3650 and 2537A, 
for example) is almost completely ineffective. The luminescence under 
electron bombardment proves the presence of Mn-emission centers, 
but the material becomes photoluminescent only by incorporation of 
small quantities of a second activator, such as lead, thallium, and 
cerium. The excitation spectrum has its peak at a different wavelength 
for every one of these sensitizers: at 2450A for lead, at 2435A for 
thallium, and 3170A with a low secondary maximum at 2450A for 
cerium. While Kato describes a strong red fluorescence of manganese 
activated KCl and NaCl, Murata and Smith have ascertained that 
also the red luminescence of NaCl(Mh) is excited by the mercury line 
2537A only if the material contains traces of lead as a sensitizer. 
Thallous and stannous ions as well as the divalent ions of barium and 
bismuth are ineffective in this instance (y 32a, iog4a, 1480b). 

Lead is a good sensitizer also in calcium and strontium sulfide 
phosphors activated with praseodymium, while in mixed sulfide 
phosphors containing praseodymiurn and bismuth the bismuth bands 
are suppressed without enhancing the Pr-lines. If, on the other hand, 
silver is added to a SrS(Pr)-phosphor, the praseodymium lines are missing 
in the phosphorescence spectrum and the violet silver band at 4200A 
becomes much brighter than it is in the pure SrS (Ag) -phosphor (jj55). 

If the base material of a samarium-activated phosphor consists 
of mixed crystals of CaS and CaO, the samarium lines characteristic 
of both the sulfide and the oxide phosphors (see Table 97 in Section 
142) occur in the phosphore.scence spectrum, even if the oxide concen- 
tration is less than 5 %, This would prove simply that the samarium 
ions have a greater tendency to be incorporated in the crystal in the 
neighborhood of an oxide ion. However, according to Tomaschek, the 
oxide lines prevail alone, if the saniarium concentration is very low 
while the ^f-bands of the excitation spectrum in the near u.v. are those 
characteristic of the sulfide phosphor. If this is correct, it would prove 
either that (in this case, at least) the ^?-bands have nothing to do with 
the presence of the activator or that even at lowest Sm-concentration 
most of the Sm-ions are attached to sulfur ions and that the predomi- 
nance of the oxide lines in the phosphorescence spectrum is due ex- 
clusively to the preferential stabilization of positive holes near the 
oxide centers {xyoo). 

Pringsheim 20** 
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In the phosphorescence of a ZnS(Cu) -phosphor the blue band 
(which is ascribed to interstitial Zn-atoms and is the only band in the 
luminescence spectrum of ‘"pure” ZnS) has a very short life, while the 
green copper band decays slowly. Since either band appears in the 
afterglow, positive holes must be stabilized in both types of emission 
centers, and if one of the bands decays so much faster than the other 
it can *bc due only to the fact that one type of centers has a greater 
probability, or a “larger cross section” for capturing an electron in the 
conduction band. If, on the other hand, only the orange Mn-band is 
visible in the phosphorescence of a ZnS(Cu,Mn) -phosphor, practically 
all holes must bo stabilized near Mn-centers. Fonda ascribes this to 
the fact that corresponding to the orange color of the manganese 
emission band the ground level of the Mn-centers lies above that of the 
Cu-centers. The improbability of this interpretation was discussed 
above; moreover, it is invalidated by the behavior of a CaS(Cu,Mn)- 
phosphor. The green Cu-band and the orange Mn-band of this phosphor 
can be excited simultaneously b}^ irradiation with near-u.v. light. 
Immediately after the end of the excitation the orange band prevails 
in the phosphorescence spectrum but it decays more rapidly and after 
some time the green band is by far the stronger. The total light sum 
emitted in the green band exceeds that emitted in the orange band. 
Thus, here again, positive holes are stabilized at the Mn- and the 
Cu-emission centers, but the electrons have a greater tendency to 
excite Mn-emission centers as long as they are available. No reasons 
can be given for the fact that positive holes and electrons are more 
easily captured by certain types of activator centers than by others 
{402h, I448j44g). 

The, quenching of phosphorescence by addition of certain impur- 
ity atoms or ions of low concentrations as “killers"' or “poisons” is a 
phenomenon closely related to those treated above. Evidently the 
energy of excitation imdergoes a radiationless conversion to a dif- 
ferent form of energy when it reaches one of the “killer” atoms. If the 
primary quenching effect should consist in a chemical reaction, this 
must be reversible, because the light absorption does not produce a 
permanent change in the phosphor. If the excitation of phosphor- 
escence is accompanied by photoconductivity, it ca i be assumed that 
the hole in the electronic energy band of the ground state has a great 
probability of being stabilized at the poison atoms, in analogy to the 
suppression of the phosphorescence band of one activator by the band 
of a second activator. However, the luminescence of crystal phosphors, 
such as calcium tungstate, which show very little photoconductivity 



PROCESSES OF EXCITATION AND EMISSION 


563 


is also quenched by the incorporation of certain “killers” of low 
concentration. This can be understood only if the light energy does 
not remain within the absorbing “center,” but migrates through a 
part of the lattice until it encounters a quenching atom. Such a 
mechanism does not necessarily imply (as Riehl seems to assume) that 
only relatively few of the molecules of the base material can function 
as emitting centers while all are able to take part in the absorption 
process. It suffices to assume that the probability of an exciton being 
caught by a poison atom is much greater than the probability of re- 
emission of radiation by one of the normal lattice molecules. It must 
be kept in mind that with a 
poison concentration of 0.1 % 
every tenth atom in every* di- 
rection is a “killer” ( 1360 ). 

The question remains to be 
answered why electrons which 
were raised into the conduction 
band from th(‘ ground level of 
the matrix lattice do not recom- 
bine with positive holes in this 
level, and why pure nonactivated 
crystals are not, in general, pho- 
toluminescent, even when they 
are photoconductive. Since after 
light absorption in its funda- 
mental absorption band the 
crystal must eventually return to its normal unexcited state, there 
must be a competing radiationless process with a probability which 
exceeds by far the probability of a radiating transition. 

It is not difficult to represent such a contingency by an adequate 
choice of configurational potential curves. In the schematic diagram 
of Figure 183, the arrows a and e connecting the ground state N and 
the excited state F represent the absorption and emission process, 
respectively. If the electron passes from F to M it is trapped. Wlien 
the necessary energy is supplied by thermal agitation, the electron 
can return either to F, with subsequent light emission, or to N, If 
the latter transition has the greater probability, internal conversion 
occurs instead of phosphorescence. This model provides no reason, 
however, why internal conversion should be the rule in pure crystals 
rather than in activated phosphors. Besides, the interpretation of 
such systems of potential curves, which is quite clear in the case of a 
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Fig. 183. Potential curves for a 
phosphor exhibiting fluorescence, 
phosphorescence, and internal 
conversion. 
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monomolecular process, becomes somewhat hazy when it is applied 
to electrons trapped in a crystal. These electrons cannot pass directly 
from the traps into the highly vibrating ground state but must pass 
through the conduction band, and this intermediate stage is not re- 
presented at all in the diagram. 

The extreme improbability of the recombination of an electron 
in the conduction band with a hole moving freely through the crystal 
is due, according to quantum mechanics, to the law of conservation 
of momentum or (as it is frequently expressed) of the wave-number 
vector, which is proportional to the momentum: an electron will 
almost never meet a hole which has the same momentum, while be- 
cause of the relatively large velocity of the holes the probability of 
the momentum being taken up by the a'djacent parts of the lattice is 
low. On the other hand, the latter process occurs without difficulty 
if the electron enters one of the discrete levels located near a point 
where a hole has been stabilized; then the probability of recombination 
becomes as large as that of an allowed transition in an atom. It must 
be kept in mind, furthermore, that in the vicinity of a strong lattice 
perturbation the conduction band itself is strongly distorted (6^o&, 
692). 

At high temperatures the large amplitudes of the lattice vibra- 
tions interfere with the motion of the electrons in the conduction 
band and under these conditions the probability of internal conversion 
becomes greater than that of luminescence in activated phosphors 
also. A sharp drop in the intensity of luminescence occurs, in general, 
at a fairly well determined temperature, but this temperature varies 
greatly for different phosphors and even for various bands of a single 
phosphor. While it lies above 400® C for some alkaline earth phosphors, 
it does not exceed 130° C for silver- and copper-activated zinc sulfide, 
according to Randall; Brauer states that in ZnS(Cu)- and ZnS(Mn)- 
phosphors the blue Zn-band vanishes at an appreciably lower tempera- 
ture than the green copper band and the orange manganese band; 
this behavior does not differ, in principle, from that of numerous Lenard 
phosphors with more than one emission band (as discussed in the 
preceding section). In a formal way it can be represented by the as- 
sumption that the probability of converting the total energy of an 
excited electron into heat instead of transferring a part of it to the 
emission center increases more rapidly with increasing temperature 
when the electron is caught by a hole which is stabilized near a Zn- 
emission center. In KCl(Tl)-phosphors the phosphorescence yield drops 
very strongly even at 70° C. 
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It can be assumed that the limiting temperature is especially 
low for “pure crystals” ; in these crystals lattice perturbations and the 
resulting discrete energy levels which facilitate the radiating recom- 
bination of electrons and holes are relatively scarce and do not extend 
very far. At low temperature the momenta of the electrons and holes 
become small, and because of their smaller velocity the increased 
probability of an interaction with the lattice at a point of perturbation 
can lead to the recombination of an electron with a positive hole and 
a resulting emission of light. This assumption seems to be corroborated 
by the observation that at the temperature of liquid air certain 
crystals emit a fluorescence which can be ascribed to the components 
of the base lattice itself, while at room temperature the same crystals 
exhibit no fluorescence or only the luminescence characteristic of the 
activation by interstitial atoms. The progressions of narrow bands in 
the fluorescence spectra of ZnS, CdS, CaO, and ZnO, which are 
described in Section 162, are the best examples of this type. 

In silver halides which, also, are fluorescent only at low tempera- 
tures the primary competing process is not internal conversion but 
photoconductivity according to Mott. He assumes that in the excited 
state which is reached by light absorption the electron is still bound to 
its positive hole, but that the thermal agitation prevailing at room 
temperature suffices to raise the electrons from this state into the con- 
duction band. The photoconductivity characteristic of silver halides 
disappears at the temperature at which they become fluorescent 
(jo6o). 

In publications by Kutzelnigg, Randall, and others a great 
number of nonactivated salts are mentioned which become luminescent 
at the temperature of liquid air, but in most cases the purity of these 
materials has not been ascertained, so that it is doubtful whether the 
luminescence is characteristic ofthe base material itself. It isnoteworthy 
that in all these cases dnly fluorescence, and no phosphorescence, is 
mentioned [8^1-854,1331,1332), 

The luminescence output under constant exciting irradiation of 
numerous phosphorescent materials has been found to decrease again 
with decreasing temperature when the latter drops below a certain 
value. This optimum temperature lies near — 15° C for ZnS(Ag) and 
near 4- 60° C for CdB205(Mn), whereas the luminescence intensity of 
tungstates and molybdates rises continuously even in the temperature 
range below — 150° C. An observed decrease in luminescence output is 
only a secondary effect, if it is due to a change in the intensity distri- 
bution of the absorption spectrum which in all crystals accompanies 
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changes of temperature. If the brightness of a narrow spectral region 
in the emission band is used for measuring the total intensity of the 
luminescence, an apparent large change of the latter is caused by a 
slight shift in the wavelength of the band peak [i6^6a). 

However, in certain instances a genuine decrease in luminescence 
yield has been proved to occur with decreasing temperature, and under 
these conditions another temperature dependent process must com- 
pete favorably with the luminescence. This process is either (1) light 
emission in a different spectral range, such as the blue CaW 04 -fluO“ 
rescence competing with the orange Sm-fluorescence in a CaW 04 (Sm) 
phosphor, and the low temperature u.v. fluorescence of ZnO, CaO, 
etc. which has been mentioned above as characteristic of the base 
materials (see Sections 162 and 166), or (2) the dissipation of absorbed 
energy by internal conversion may become relatively more probable 
than light emission {i jia, 268a, 45ge, 1842b, 1842c), 

No explanation has so far been suggested for the relatively rare 
phenomenon that a fluorescence which is observed at room tempera- 
ture disappears at low temperatures. (With a protential barrier impe- 
ding transitions from the excited state to the ground state an after- 
glow would appear at an intermediate temperature). Examples of this 
kind are : the divalent ions of Sm and Eu imbedded in various crystals 
(see Sections 143 and 170); furthermore mercurous chloride,* which 
exhibits a brilliant red fluorescence at room temperature ; and mixed 
crystals of cadmium and manganese iodide. The red fluorescenc of 
the latter, which vanishes at — 180^" C, is still as strong at -f 200° C 
as at 20° C; on the other hand, the yellow fluorescence of mixed lead 
and manganese iodide crystals is practically quenched at 200° C, 
but retains its full intensity at — 180° C. It is possible, of course, that 
changes of fluorescence intensity may be due partly to changes in the 
absorption spectrum of the crystals. 

159. Periods of Induction and Decay. Thd course of the induction 
and decay of a luminescence process lasting only fractions of a second 
can be measured with a phosphoroscope ; in recent times, very fre- 
quently oscillograph phosphoroscopes are used for this purpose. These 
instruments give a correct picture of the light emission during the 
period of one cycle if the period is long enough to allow the lumines- 
cence to decay completely before the following cycle begins. If this is 
not the case, complications of the type discussed in Section 7 must be 
taken care of. 

The luminescence of ruby has long been known to be a slow 

* Unpublished observation. 
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fluorescence due to a forbidden transition in the Cr+++-ion. Becquerel 
ascertained that the decay of the luminescence is exponential. This 
has been confirmed by recent measurements with an oscillograph 
phosphoroscope, showing that the induction and decay curves are 
independent of the intensity of the exciting light and, within very 
wide limits, independent of temperature. The mean life derived from 
the slope of the decay curve is about 2 millisec. Only when the tempera- 
ture exceeds 400° K is there a change in the rate of decay which is 
accompanied by a decrease in the fluorescence yield ; both are due to 
the prevalence of internal conversion competing with luminescence. 
The same behavior (with a slightly shorter lifetime) is observed with 
samarium-activated calcium tungstate when it is excited with near 
u.v. which is not absorbed in the fundamental absorption band of the 
crystal. The blue-violet afterglow of pure CaW 04 excited with light 
of 2600A is still appreciably shorter [4^gf ,46g ,1884) . 

The luminescence excited at the temperature of liquid air in 
MnClg by near u.v. is also a typical slow fluorescence with mono- 
molecular induction and decay, but this luminescence is completely 
quenched even at temperatures well below room temperature. The 
mean lifetime at 90° K does not exceed 0.5 millisec; it is independent 
of the intensity of the primary radiation. 

Many manganese-activated phosphors, such as the silicate, 
borate, and chloro phosphate of cadmium, zinc mesodisilicate, and 
zinc beryllium silicate show a strong afterglow of short duration with 
a decay which is very nearly exponential. Also for these phosphors the 
slope of the decay curves is independent of the intensity of the exciting 
light and corresponds, at room temperature, to lifetimes which are all 
of the order of magnitude of 10-15 millisec and appreciably larger than 
the value obtained with MnClg at 90° K. Apparently even at this low 
temperature the luminescence yield of ^ the ‘‘pure” salt is greatly 
reduced by internal conversion. Only for manganese-activated 
cadmium iodide did Garlick and Wilkins obtain a decay of the same 
steep slope (r ~ 0.5 millisec) and this may be connected with the 
strong quenching action of I~-ions on all types of luminescence ( 459 /, 

In the luminescence of manganese-activated zinc silicate, the 
strong emission with a mean life of about 15 millisec predominates 
immediately after the end of the excitation ; its intensity, which drops 
to about 10 % of its initial value in 40 millisec, is proportional to the 
intensity of the exciting light. At the temperature of liquid air this 
emission process exists alone and can be followed for 90 millisec to a 
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final intensity of about one thousandth of its initial value. The decay 
during this period is strictly exponential and the mean lifetime is 
again independent of temperature (from — 193° to 300° C), for manga- 
nese concentrations varying from 0.01 to 1 %. The induction period 
is of the same order of magnitude and seems also to obey an exponen- 
tial law [398,691-693 J335a,i335h), 

In order to explain this typical monomolecular luminescence of a 
phosphor showing photoconductivity, Johnson assumed that the 
electrons which are raised into the conduction band by light absorption 
are trapped within a time much less than a millisecond in the me- 
tastable state of a manganese ion so that the duration of the afterglow 
is determined, in this case, also, by the probability of the forbidden 
transition within the ion. Thus, the decay of the luminescence is not 
governed by the laws of recombination afterglow or of genuine phos- 
phorescence but corresponds to an indirectly excited slow fluorescence 
{691-693). 

This is one of numerous instances of a decay mechanism which 
has been differently interpreted by different authors. Fonda explains 
the afterglow as a recombination luminescence which follows the law 
of a first-order reaction because the number of electrons in the 
conduction band is small in comparison with the number of excited 
emission centers. The first stage of the luminescence is followed by 
a second stage which represents a typical phosphorescence due to the 
trapping of electrons. At room temperature the intensity of this second 
stage becomes comparable to that of the first stage after about 40 
millisec. Its mean lifetime, under these conditions, is about 0.25 sec, 
but it can be observed for more than an hour when it is excited by 
light of great intensity. At — 193° C it is frozen in and is re-emitted 
only if the temperature is raised after the end of the illumination . The 
total light sum emitted in this phosphorescence process is about fifty 
times as great as that emitted during the first stage. Accordingly, the 
number of electrons in the conduction band at the end of the excitation 
period is much smaller than the number of excited centers {398), 

Although Fonda’s interpretation seems to be perfectly sound so 
far, it does not take care of the fact that the purely exponential curve 
representing the decay during the first 90 millisec at 100° C coincides 
very closely with the corresponding curve at — 196° C (Figure 184). 
At 100° C the second stage is negligible because the traps are all empty 
and all excited electrons are in the conduction band, their number 
being equal to that of the excited centers. At — 196° C all electron 
which have been trapped remain in the traps, so that the holes in the 
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ground state are much more numerous than the electrons in the con- 
duction band. If the logarithmic decay at low temperatures is due to 
this condition, the decay curve should become hyperbolic at high 
temperatures. 

In view of this disagreement and the behavior of other manganese- 
activated phosphors, one is induced to accept Johnson’s interpretation 
as correct. The second stage of the afterglow, also, decays exponentially 
at first; later the decay law becomes more 
complicated. Probably this behavior can be 
explained by introducing adequate assump- 
tions concerning the “trap distribution’* 

(compare Section 152). By the superposition 
of the second stage the observed decay 
curve during the time when the first stage 
predominates deviates slightly from a 
straight line in the semilog plot. Similar 
deviations are observed in the decay curves 
of the Mn-activated phosphors mentioned 
above. It is uncertain whether these, also 
can, be due to the existence of a “second 
stage” or to to the influence of a competing 
quenching process; the least plausible ex- 
planation seems to be that the internal 
transition probability in the Mn++-ion should 
be slightly different in various parts of the 
crystals. 

It is possible that these phosphors are 
excited partially by direct transitions of 
electrons from the ground state of the acti- 
vator ion to an excited state of the ion, 
but it seems certain that the absorption 

process occurs in the fundamental bands of the base material when 
manganese-activated zinc silicate is excited by light of wavelengths 
3700, 2400, and even 740A. Not only are the emission spectra the 
same under these various conditions of excitation, but also the in- 
duction and decay curves of the “first-stage afterglow.” The corre- 
lation between induction and decay curve is no argument in this 
case against the interpretation of the luminescence as an indirectly 
excited slow fluorescence, since the luminescence intensity is pro- 
portional to the intensity of the exciting radiation and thus far below 
saturation (compare Section 99) { 268 a, 6 ^ 4 ), 
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Fig. 184. Decay of 
afterglow at different 
temperatures of a zinc 
silicate phosphor con- 
taining 1 % of man- 
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The difference between the two mechanisms of excitation ap- 
pears very clearly in the luminescence of manganese-activated zinc 
sulfide. 'WTien the orange luminescence of this phosphor is excited by 
light of A > 4300A, the decay is strictly exponential and independent 
of the intensity. A very slight deviation from the exponential appears 
after the intensity has dropped to about 5 % of its initial value and 
is due to the superposition of a very weak phosphorescence “tail.” If 
the luminescence is excited by light of 3600A, which is absorbed 
partly by Mn++-ion and partly by the base material, even the initial 
decay during the first 20 millisec does not obey the monomolecular 
law and the steepness of its slope increases with increasing intensity of 
the exciting radiation. Moreover, the induction curve of the first 
stage, which under excitation with light of 4900A is symmetrica] with 
the decay curve, is much steeper than the decay curve under excitation 
with light of 3100A [268a), When the wavelength of the exciting light 
is greater than 4300A, only the first stage of the afterglow exists and 
the luminescence reaches its full intensity in a time which is very short 
in comparison with one second : without the use of a phosphoroscope 
the rise in intensity seems to be instantaneous. When excited with 
light of 3300A, there is still a quasi-instantaneous first rise, but it is 
followed by a slowly increasing second phase, so that the full equili- 
brium value is not attained even after 60 sec. Excitation with light 
of 3100A does not produce any instantaneous rise — the relatively 
slow and continuous increase in intensity sets in with the beginning 
of the excitation. This last type of induction will be discussed later 

(Figure 185). The part of the lumines- 
cence corresponding to the quick rise 
with excitation by light of 4300 and 
3600A is independent of tempera- 
ture, while the luminescence attained 
by the slow rise becomes weaker at 
lower temperatures {459e). Although 
this latter emission is frequently 
called a fluorescence because it is 
observed during the excitation, it is 
really a phosphorescence, the elec- 
trons being raised into the conduction 
band and trapped before they return 
to the excited emission centers. It 
must be admitted, however, that 
even this mechanism cannot explain 
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Fig. 185. Induction curves of a 
ZnS(Mn) -phosphor (Garlick and 
Wilkins) . 

a: excited with 4300A. 
b: excited with 3300A. 
c: excited with 3100A. 
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an observed decrease in luminescence intensity after equilibrium is 
reached during the excitation. The number of traps must be finite and 
much smaller than the number of “absorbing centers” in the matrix 
lattice, and, when all traps are filled, the excited electrons should be 
able to excite emission centers without passing through traps. 

The first stage of luminescence of various zinc sulfide and zinc 
cadmium sulfide phosphors, nonactivated as well as activated with 
silver and copper, provided the classical examples of so-called “pure” 
bimolecular luminescence curves. A comparison between the experi- 
mental curve in Figure 186^> and the theoretical curve in Figure 186a 



(recombination) luminescence, (a) theoretical curve. 

(6) experimental curves obtained with a ZnS(Cu) -phosphor. 


1 : excited with Hg-line 3655A, intensity 1000. 2: excited 
with Hg-line 3655A, inten.sity 8. 3: excited withHg-line 
3 130 A, intensity 8. 

proves that the first stage of the afterglow of a ZnS(Cu) -phosphor 
follows Equations (83b) and (83c) very closely. Curves 1 and 2 of 
Figure 1866 show, furthermore, the connection between the initial 
slope of the induction and the decay and the intensity of the exciting 
light. The rise and decay is much slower in curve 2 , which corresponds 
to an exciting intensity 125 times weaker than that for curve 1, while 
the absolute intensities of the photometer deflections are reduced to 
the same maximum heights. The difference between curves 2 and 3, 
which correspond to equal primary light intensties but different wave- 
lengths of the exciting radiation, are caused by the fact that the ab- 
sorption coefficient of the phosphor is much larger for the mercury 
line 3130A and that not the total number of excited centers and 
electrons in the conduction band, but their number per unit volume, 
determines the rate of recombination {266). 

According to measurements performed with “pure” ZnS by 
Schleede, the decay curves become “hyperbolic” only when the 
incident radiation of short wavelength (3130A) is highly concentrated, 
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while at lower concentration or under excitation with light of wave- 
length 3650A the curve deviates more and more from the hyperbolic 
form. These results, contradicting those described above, may be not 
quite correct because they are based on the use of the equation : 

/ - /or^ (92) 

which can replace Equation {83c) only for l/ipio) ^nd thus for 
small values of t only when Iq is large, while for ^ = 0 it becomes 
meaningless [1432c). 

In experiments like those represented by Figure 186&, the intensi- 
ty curves tend to become horizontal during the period of excitation, 
which lasts only a few milliseconds but nevertheless almost suffices 
for establishing equilibrium between absorption and emission. Under 
these conditions, the intensity Iq of the luminescence at the beginning 
of the afterglow is nearly proportional to the intensity A of the 
exciting light, and since, in a second-order reaction, I is proportional 
to (the square of the number of excited centers), n is proportional to 
'Y/ a . However, if the excitation is produced by a light flash of much 
shorter duration, the state of the phosphor reached at the end of the 
excitation is far from equilibrium ; then, n is nearly proportional to A 
and, therefore, 1 should be proportional to A^. This was confirmed by 
Antonow-Romanowski, who excited the luminescence of a ZnS(Cu)- 
phosphor with the radiation from an intermittent spark discharge. 
When the intensity of the latter varied between one and ten, the value 
of /q varied between one and a hundred. Ixvshin repeated Antonow’s 
experiments in a much wider range and observed variations of Iq 
in the ratio 1:40000, corresponding to variations of A in the ratio 
1 : 200. It is surprising that Levshin obtained his results by means of a 
phosphoroscope in which the period of excitation was certainly not 
shorter than 10 millisec. It must be kept in mind, however, that the 
time after which equilibrium is attained depends greatly on the 
intensity of the exciting light (compare curve 2, Figure 1866), so that 
with relatively low values of A the proportionality of Iq to A^ may 
nearly be preserved even after an excitation period exceeding 10 
millisec (975,9x9). 

In all the experiments mentioned in the last paragraphs, the 
“first stage” of the afterglow lasted from 10 to 50 millisec. If it is 
correct that the mean time spent by an excited electron in the con- 
duction band without being trapped is less than 10“® sec, it is certain 
that bimolecular afterglows such as those described above can be 
explained only by the mechanism of frequent retrapping, which has 
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been mentioned in Section 152. This assumption is not easily recon- 
ciled, however, with De Groot’s statement that, at least in some in- 
stances, the shape of the curves is only slightly influenced by variations 
in temperature between — 180° and 100° C {268a). 

Another argument may be adduced against the hypothesis of 
bimolecular reactions connected with frequent retrapping. Under 
excitation by periodically rejxiated flashes which occurs in a phos- 
phoroscope, the number of electrons transferred from the conduction 
band into the deeper traps during a single cycle will be small, but 
after some time equilibrium must be reached and, also, the deeper 
traps contributing to the long-lasting phosphorescence must be 
filled. In phosphors such as “pure” ZnS and ZnS(Ag), the phosphor- 
escence decays rapidly and the deep traps are not numerous. However, 
in fully excited ZnS(Cu) the total light sum emitted during the long- 
lasting phosphorescence is almost certainly much larger than the light 
sum emitted during the ‘'first stage” in 20 millisec and, therefore, after 
equilibrium is established the number of excited centers must be 
much larger than the number of electrons in the conduction band and 
in the shallow traps which contribute to the “bimolecular” first stage. 
Thus, an essential condition for a second-order reaction is not ful- 
filled. It is noteworthy that in the afterglow of a ZnS-phosphor acti- 
vated with 0.1 % Mn and excited with near u.v., the blue Zn-band 
and the orange Mn-band show the same luminescence curves during 
the first stage, while the Mn-band alone appears in a longer-lasting 
temperature-dependent phosphorescence (268a). 

If the luminescence of a CaS(Bi)-phosphor is observed by means 
of an oscillograph phosphoroscope with a cycle of 40 millisec, the rising 
branch of the curve is similar to that of curve 2 in Figure 1866, while 
the decay curve drops almost vertically to a very low value and 
continues from there with a very small slope. Apparently, a large 
fraction of excited electrons are caught by emission centers in a time 
which is appreciably shorter than 1 millisec [1432c). 

Kuppenheim’s observations of the decay of a CaS(Bi)-phosphor 
during the first minute agree (according to Antonow-Romanowski) 
very weU with equations of the hyperbolic type. In these experiments 
the rate of decay increased rapidly with increasing temperature, which 
was varied from 250^ to 400° C. This luminescence was certainly no 
pure recombination afterglow without the intervention of traps; it 
may be an instance of a second-order reaction due to frequent re- 
trapping, but it can be ascribed quite as well to a trap distribution 
corresponding to Equation (87c) (19,830). 
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Figures lB7a-c show the decay of the luminescence intensity 1 
and of the light sum L of a CaS(Bi) -phosphor during the long period 
of 150 days. Since the intensity and the light sum in a monomolecular 
process are proportional to the number of e.^cited electrons, the non- 
coincidence of the curves for I and L proves that an exponential 
equation with single coefficient a = l/r does not adequately represent 
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Fig. lSla~c. Decay curves of a CaS(Bi) -phosphor Lenard). 
I: intensity. L: light sum. 


the observations. Table 107 lists the mean lifetimes t {t) which Lenard 
introduced for representing decay curves as exponentials during 
various periods of the total decay. Since r [t) increases from 1 hour at 
/ = 0 to 150 days at / = 30 days, it is evident that at first the slope 
of the L-curve is much smaller than that of the /-curve, while the 
intensities are so weak towards the end of the decay that they cannot 
be measured directly. L is found for every point of the decay curve 
by heating the phosphor and thus '^driving out” the stored energy 
in a relatively short time (compare the following section) {8go). 

In Lenard’s terminology the varying values of t are ascribed to 
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the existence of centers of unequal duration which in a more modern 
interpretation may be replaced by traps of unequal depths. 

Table 107 

Mean Lifetime t(^) and '‘Heat of Activation"' e 
OF A CaS(Bi)-pHosPHOR AS A Function of the 
Time after the End of the Excitation 


t 

T (0 

t (cV) 

0 

1 hour 

0.87 

6 minutes 

I 5 hours 

0.92 

30 

10 “ 

0.97 

60 

35 “ 

0.99 

2 hours 

50 “ 

0.995 

3 “ 

65 “ 

1.00 

5 “ 

100 “ 

1.015 

10 “ 

140 “ 

1.035 

24 “ 

250 “ 

1.045 

3 days 

25 days 

1.075 

1 0 

65 “ 

1.105 

20 “ 

110 “ 

1.13 

30 “ 

150 “ 

1.14 


The third column of the table gives the depth of the traps in eV; 
they were calculated from the mean lifetimes using Randall’s formula 
for “quasi-uniform trap distribution” with a temperature of obser- 
vation of 300° K and s = 10®. These assumptions are probably not 
quite correct, but provide the order of magnitude of the trap depths 
and show how relatively small differences of e suffice for a very large 
increase in t (^ 90 ). 

Lev.shin, Antonow-Romanowski, P^onda, Randall, and others 
have shown by numerous examples that, in general, the decay of the 
phosphorescence of zinc sulfide and similar phosphors can be repre- 
sented for relatively shorter periods of a few hours by straight lines 
in log / versus log / plots and that it follows a simple power law with 
good approximation ; the power, which can be derived from the slope 
of the lines, varies between — 1 and — 2 (Figure 188). Most investi- 
gators are inclined to interpret this behavior as due to a bimolecular 
process. According to Randall [Section 152, Equation (87c)], such a 
power law may be explained by an exponential trap distribution ; the 
power factors calculated by Randall from the trap distribution cor- 
responding to his glow curves coincide astonishingly well with those 
derived from the decay curves. If the latter deviate slightly from 
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straight lines, this can be explained by the assumption that the trap 

distribution is not strictly exponential 
(18-21, 22f, 402b, gi5,gi7a, gig J335h). 

Moreover, retrapping may influence 
the shape of the decay curves, especially 
in their later parts. Randall pointed 
out that in general this eflect will not 
be very important, because most of the 
empty traps which have lost their elec- 
trons at a time t and in which retrapping 
can occur will be shallow and will hold 
retrapped electrons for relatively short 
times, while at this stage of the decay its 
slope is determined by the rate at which 
electrons are released from the deeper 
traps with mean lifetimes r = /. 

Reimann measured the decrease of 
the number n of electrons in the con- 
Fig. 188. Hyperbolic decay ^ 2nS -phosphor which 

curves of various sulfide , , , . , . x- 

phosphors (Levshin, had been excited to saturation at a 

Randall). temperature of — 193'^ C and subse- 

a;CaS(Bi) <3?: ZnS(Ag,Cu) quently was stimulated by irradiation 

b: SrS(Zn) e: Zn,CdS(Cu) \^ith infrared light. The intensity i of 
c. ZnS{Cu) photoelectric current, which was used 

for measuring the number n, decayed during a period of 40 min 
according to the equation : 

l/i ~ l/w — Cl — or dijdi = dnjdt = — (93) 

This behavior, which has been quoted frequently as being typical 
of a recombination afterglow, was ascribed by Reimann himself to the 
fact that at every moment the number of electrons in the conduction 
band is proportional to the total number of excited electrons. The 
decay of the luminescence which is emitted by some phosphors — 
for instance, SrS(Ce,Sm) and SrSe(Eu,Sm) — upon stimulation with 
infrared after their normal phosphorescence at room temperature has 
become negligible, also obeys a hyperbolic law which, in one case,, 
could be followed through a period of 40 min. For other phosphors — 
for instance, SrS(Eu,Sm) — the decay law, under the same conditions, 
is more complicated and does not correspond to a straight line in a 
plot representing / as a function of 1/^^ (360a). 

In order to justify Reimann’s interpretation, one has to assume 
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that the infrared radiation releases electrons from ail traps of various 
depths with equal probability. Such an assumption is not based on any 
experimental evidence and disagrees definitely with Fonda’s experi- 
ments concerning the stimulation of phosphorescence at low tempera- 
tures (Section 157). If one would postulate that only the electrons in 
the more shallow traps take part in the process, their number would 
no longer be proportional to the number of the positive holes. On tlui 
other hand, one might assume that the trap distribution determines, 
also, the probability of electrons being transferred to the conduction 
band by stimulation and, thus, the shape of the decay curve (.^02c). 

Lenard (1927)* and Randall (1945) published, independentlx', 
nearly identical figures for the decay of a CaS(Bi) -phosphor after 
excitation with strong and with much weaker radiation (fifty times 
weaker in Lenard’s and a hundred times weaker in Randall’s ex- 
fK^riment). The initial decay is much steeper in the first than in the 
second case. If, on the other hand, the exciting radiation is relatively 
weak, an increase in the duraiion of the excitation favors the inten- 
sities in the later parts of the decay period, so that the deca\' curve 
becomes flatter. Lenard explains his observations by the different 
distribution of excitation among the centers of different duration. 
After a long-lasting weak excitation, all the centers with a long life- 
time are excited, while most of the centers of small duration have 
already been deactivated before the end of the excitation. Th(‘ 
relative number of excited centers of small duration is much larger at 
the end of a short excitation of high intensity. This interpretation can 
be repeated without any alteration, except the replacement of ‘ 'centers 
of various durations” by “traps of various depths.” Lenard draws 
from his experiments the additional conclusion that centers of long 
duration need, under all circumstances, a longer period of excitation 
or “induction period” than those of short duration; he claims that 
bands, such as the blue a-band of CaS(Bi) acquire their full intensity at 
room temperature only after long lasting irradiation. As stated in 
section 99, the parallelism between induction and decay disappears if 
at high exciting intensities saturation is reached in a short time. The 
duration of the afterglow should, however, be independent of the state 
of saturation reached during excitation, if (after Randall) the cap- 
turing cross sections of all traps are practically equal {F,I335^)> 

If this is true, the decay of a partially decayed phosphor which 
has been excited to saturation would differ essentially from the decax' 
of a partially excited phosphor. In the first case, retrapping would be 
♦ After measurements made by Werner in 1907 (i8iga)> 
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relatively unimportant, for the reason which has been stated above ; 
in the second case, the trapped electrons should be distributed uni- 
formly between deep and shallow traps and the decay should be slowed 
down appreciably by the recapture of electrons in empty deep traps. 
Such a behavior seems to be in direct contradiction to Lenard’s 
statement mentioned in the preceding paragraph. 

The induction period of phosphorescence of long duration is char- 
acterized by the fact that at first the probability of an excited elec- 
tron being captured by one of numerous traps is much larger than 



Fig. 189. Induction deficiency and stored light 
sum of a ZnS(Cu)-phosphor : a—b\ induction 
period ; a-c : period of constant excitation ; 
c-d \ spontaneous decay; d~-e: L driven out by 
heating (Randall). 


of an electron recombining with one of the much less numerous positive 
holes. With increasing excitation the number of the latter increases, 
while the number of empty traps becomes smaller: the fluorescence 
intensity rises and reaches its saturation value /, according to 
Randall, ‘‘when all traps are filled.’' (Saturation might also be due to 
the fact that all “absorbing centers” have been excited). Therefore, 
the integral of the energy missing in the fluorescence during the induc- 
tion period (the induction deficiency) should be equal to the total light 
sum L stored in the phosphor at the end of the excitation, and the 
hatched areas under the curve in Figure 189 should be equal: 

/ [/^, — l(t)]dt = L (94) 

0 

L is obtained, in this instance also, by heating the phosphor. From the 
slope of the induction curve the relative probabilities of an excited 
electron being caught either by a trap or by an emission center can 
be derived { 1335 b). 
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The curve Figure 189, representing the luminescence of a ZnS(Cu)‘ 
phosphor, is in excellent agreement with Randall’s deductions. In 
other instances the experimental curves disagreed very appreciably 
with the theoretical predictions, and several interpretations of these 
discrepancies have been proposed. In general, not all traps are filled, 
however, when equilibrium is reached, since the more shallow traps 
contribute to emission in equilibrium and even during the induction 
period, so that the induction deficiency is smaller than L. Moreover, 
it is assumed that competing quenching processes play the same part, 
if any in the almost instantaneous fluorescence and the long-lasting 
phosphorescence. And, finally, a part of the exciting absorption may 
occur in the activator itself — for instance, in Mn ++-ions in a ZnS(Mn) - 
phosphor — and enhance the value, of I{t) and thereby reduce the 

apparent value of the integral j [I^ — I{() ]df. 

*0 

Lenard phosphors containing the activating metal at very low 
concentrations exhibit a long-lasting afterglow and only very little 
luminescence of short duration. Lenard postulates that the center 
molecules are preformed in the base material even in the absence 
of an activator, and that the activating metal atoms arc incorporated 
preferentially in the larger centers of great duration. If the center 
theory is abandoned and the formation of traps is ascribed, neverthe- 
less, primarily to the matrix lattice irrespective of the presence of an 
activator, the behavior of phosphors with a small activator concen- 
tration might be explained by the probability of frequent retrapping of 
excited electrons before they encounter an emission center. If, on the 
other hand, the formation of traps is due mainly to the presence of 
impurity (or interstitial) atoms, one would have to admit that at small 
activator concentrations deep traps are formed preferentially. In 
either case, an increase in the concentration of the activator would 
favor emission processes of shorter duration. It would not suffice, 
however, for a complete suppression of the luminescence of slow decay, 
which should proceed after the electrons from the more shallow traps 
have been captured by emission centers, thus decreasing the number 
of the latter and increasing the probability of retrapping. The absence 
of a long-lasting afterglow at high activator concentrations is observed 
not only in typical Lenard phosphors but also in Mn-activated zinc 
silicate. In a Zn 2 S 04 (Mn) -phosphor containing 2.5% of Mn, the long- 
lasting phosphorescence, which at low manganese concentration can 
be followed through a whole hour, is not observed at all and the first 
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luminescence stage, which at — 193® C shows nearly the same behavior 
as in a phosphor with 0.1 % Mn, decays about three times as fast at 
room temperature. Furthermore, this decay is no longer exponential, 
but seems to involve a reaction of the second order and, at 100® C, of 
an even higher order. Obviously, quenching processes, the efficiency of 
which increases with increasing duration of the luminescence and with 

rising temperature, become very im- 
portant at high cictivator concentrat- 
ions in these phosphors {F , 3 gS, 88 fy), 
The luminescence of KCl(Tl)- 
phosphors consists of three processes : 
a fluorescence with a lifetime shorter 
than 5- 10“^ sec, an afterglow of short 
duration (of the order of magnitude 
of 10~^ sec), and a phosphorescence 
which has a decay period depending 
on temperature and is frozen in at — 
180® C. Nothing is known concerning 
the second process, apart from its 
existence.* The phosphorescence, 
whose .spectrum is the same as that 
of the fluorescence, is excited only by 
light which is absorbed in the short- 
wavelength absorption band at 1950A. 
Buenger and Flechsig have published 
several decay curves of KCl(Tl) -phos- 
phors at room temperature. Some are 
strictly exponential, while others show 
very decided deviations from straight 
lines in a log I versus t plot. Randall 
and Wilkins have pointed out (as 
mentioned in Section 157) that the 
existence of traps varying in depth 
by less than 1% are sufficient to produce such deviations. More- 
over, under these conditions, the curvature of the decay curves is 
greatly influenced by small variations of temperature (Figure 190). 
These measurements covered a period of only 160 sec, during which 
the light intensity dropped to a few per cent of its initial value. Seitz 
based his interpretation of the KC1{T1) -phosphorescence as a purely 

♦ Randall connected it tentatively with a slight peak in the glow curve 
of a KCl(Tl) -phosphor at 200® K. 



Fig. 190. Decay curves of 
KCl(Tl)-phosphors (Buenger 
and Flechsig, Randall). 

a \ strictly logarithmic 
decay of an individual 
sample. b~d: deviation 
from the logarithmic decay 
of another sample at 
various temperatures. 
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monomolecular process within a Tl"^-ion (or possibly a Tlg'^-ion) on the 
purely logarithmic decay and on the apparent absence of photo- 
conductivity accompanying the phosphorescence (i8y, 1335}), i486). 

Antonow-Romanowski repeated Buenger and Flechsig’s investi- 
gations, using material of the same kind but varying the experimental 
conditions in several respects and extending the observations through 
many hours, during which the initial intensity dropped to 10~* 1^. 
He maintains that his results, especially the dependence of the initial 
slope of the decay curves on the intensity of the exciting light, are 
incompatible with a monomolecular reaction and that a bimolecular 
recombination process must be acknowledged as the source of the 
long-lasting phosphorescence. These results were later confirmed by 
Birus and Zierold, who investigated the behavior of phosphors 
provided by Buenger and Flechsig [22a, 116). 

In still another series of experiments dealing with the afterglow 
of KCl(Tl) -phosphors, the material consisted of small crystals precipi- 
tated from a aqueous solution and containing a relatively high thallium 
concentration (about 2 %). As far as absorption, excitation, and 
emission spectra were concerned, these aggregates of small crystals 
had the same properties as the single crystals used by the other 
investigators, except that a strong visible band was observed in 
addition to the u.v. band in the emission spectrum. The two emission 
bands decayed at the same rate. The phosphorescence was very 
strong, and at room temperature it could be followed by means of a 
photon counter for more than 24 hours. During the first t^n minutes 
the decay obeyed the law of a second-order reaction, with deviations 
not exceeding 0.5%. Notwithstanding this excellent agreement, the 
result could not be interpreted as a proof of a bimolecular reaction, 
since the slope of the curve remained constant when the initial in- 
tensity was altered by a factor of 10, the first curve being converted 
into the second by a simple multiplication of the ordinates. After a 
short transition time the decay became exponential, with a half-time 
period of 50 min during the first two hours and of about 80 min toward 
the end of the decay {i2g3a, 12^36, iy88h). 

Except for Antonow-Romanowski’s claim respecting the con- 
nection between the slope of the decay curve and the intensity, all 
these observations can be represented by the introduction of adequate 
trap distributions. If, for instance, the decay follows a hyperbolic law 
at first, the distribution of the traps of smaller depths is exponential, 
and if at a later stage the decay curve approximates an exponential 
with a nearly constant value of 1/t, the depths of the traps converge 
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toward a nearly constant peak value of e. It is plausible, moreover, 
that the trap distribution depends greatly on the manner of prepa- 
ration of the phosphors and is reduced to almost a single well-defined 
value of £ in perfect single crystals with a low activator concentration, 
while it is spread over a wide range in small crystals formed by pre- 
cipitation and containing large amounts of thallium. However, it 
seems very improbable that metastable states of so manifold distri- 
butions occur in an activator ion and it is more satisfactory^ to 
assume that, in these phosphors also, the traps are due to lattice 
defects which may or may not be produced by the incorporation of 
the activator. 

Antonow-Romanowski, who investigated the phosphorescence 
decay of single cry’stals of a ZnS-phosphor under the microscope, found 
that the slope of the decay curve became steeper with increasing size 
of the individual crystals, which all had the same composition and 
radii varying between 10/t and 70/x. Even when a large crystal was 
crushed and the powder re-examined under the microscope, the slope 
of the straight line in the log I versus log t plot was appreciably 
changed. He concluded that the behavior of the molecular layers near 
the surface differs from that of the layers in the interior of the crystals 
(i8,2o,g2o). 

On the other hand, Randall and Wilkins found that the decay 
curves of two samples of a manganese-activated zinc silicate with 
particle diameters of lOfi and 200/4, respectively, were identical; 
in this instance, also, the smaller grains were obtained by splitting 
the larger crystals. 

The somewhat confusing survey, full of discrepancies and even 
contradictions, which has been compiled in this section may show 
that although individual observations may be represented, in general, 
by a theoretical equation, the available data are still far from sufficient 
for a universal and unequivocal interpretation of the decay of lumi- 
nescence in crystal phosphors. 

160 . Phosphorescence Yield. Measurements of the phosphorescence 
yield of crystal phosphors are very scanty. Since the manufacture 
of fluorescent lamps and screens became an important industry, some 
data concerning the total light output of such phosphors during the 
excitation period have been published. The measurements do not 
discriminate, however, between fluorescence and phosphorescence, 
and by far the greater part of the observed luminescence, in most 
cases, is due to fluorescence or other processes of very short dmation. 
Moreover, the yield is not referred to the energy of the absorbed 
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Table 108 

Quantum Efficiency of Various Phosphors during Excitation, 
Referred to the Energy of Impinging Radiation 
(in per cent) 


Phosphor 

Efficiency 

Phosphor 

Efficiency 

ZnS(Cu) 

90 

ZnBeSi 04 (Mn) 

53 

Zn,CdS(Cii) . . 

83 

CaWO^ .... 

70 

Zn 2 Si 04 (Mn) . 

77 

MgWO^ 

70 

CdSi0.3(Mn) . 

55 

CdBgO^fMn) . 

66 


radiation, but is determined as the ratio of energies of emitted and 
impinging light. 

In d'able 108 some of these results are listed. They provide, of 
course, no more than the order of magnitude of the quantum ef- 
ficiencies, since the qualities of phosphors of the same denomination 
differ widely according to the manner of preparation. Besides, the 
yields determined in this way depend to a high degree on the wave- 
length of the exciting light, as is shown for 3 of the most important 
phosphors in Table 109, The figures in Table 108 are calculated for 
those wavelengths which correspond to the highest apparent efficiency 
The decrease in apparent efficiency in the region of 
greater wavelengths which characterizes the silicate phosphor in 
Table 109 is due to the fact that the absorption coefficient becomes 
very low for wavelengths above 2900A ; the same behavior would be 
shown by the sulfide phosphors for exciting light of wavelengths 
beyond 5000A. On the other hand, the decreasing efficiency on the 
short-wavQlength side of the optimum wavelength is caused by the 
very high, almost metallic, reflection which occurs in the region of the 
fundamental absorption band of the crystals. According to Drexler, 
the coefficient of reflection rises in this spectral region to 80 and even 
90 %. In the case of a microcrystalline powder the losses by reflection 
are lower because of multiple reflections occurring at the surfaces of 
the individual grains, but certainly they are still considerable. It 
should be noticed, in this connection, that the sharp drop in efficiency 
of the ZnS-phosphor sets in below 3650A, whereas the yield of the 
mixed ZnCdS-phosphor has already decreased appreciably at this 
wavelength ; the long-wavelength limit of the fundamental absorption 
band of ZnS lies at 3450A but is shifted to 3720A in the mixed phos- 
phor. It must be kept in mind that the energy yield becomes very low, 
even with a relatively high quantum yield, when visible luminescence 
is excited by light of short wavelengths. Thus, the energy yield cor- 
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Table 109 

Quantum Efficiency of Exciting Light (in per cent) as a Function 
OF Its Wavelength (in A) 


Wavelength 

(740) 

2225 

2399 

2537 

2803 1 

3126 

3651 

4047 

ZnS(Cu) .... 



2.3 

24 

35 

40 

41 i 

90 

90 

Zn,CdS(Cu)* . . 

— 

— 

10 

24 

— 

33 

71.5 

83 

Zn 2 Si 04 (Mn) . . 

(25t) 

24 

49 

77 

29 

0 

0 

0 


* About 20 % Cd. 
t At very low Mn-concentrations. 


responding to Table 109 is only 1 1 % for ZnS(Cu) excited by the wave- 
length 2399A, and does not exceed 3 % when ZngSiO^ is excited by 
the neon resonance line 740 A { 2 ^ 8 , 1464 )* 

With respect to the influence of the exciting wavelength, the 
results tabulated in Table 109 do not agree with those obtained by 
Schleede and listed in Table 110. For two of the phosphors in the 
latter table the luminescence yield is nearly independent of the ex- 
citing wavelength, while in the case of pure ZnS the yield increases 
strikingly when the exciting wavelength coincides with that of the 
fundamental absorption band. Moreover, in all cases the difference 
between the energy yields referred to absorbed and to incident energy 
(the latter given in parentheses) and, therefore, the loss due to scat- 
tering are relatively small. It is not probable that this disagreement 
is due to the difference of the materials to which the figures of Tables 
109 and 1 10 refer. It is difficult to judge whether they can be explained 
by the difference in the method of observation. Schleede measured not 
the luminescence intensity during a constant irradiation, but the 
energy of the fast -decaying emission which is observed by means of 
an oscillograph phosphoroscope, and compared it with the light 
intensity scattered under the same conditions by a nonluminescent 
and nonabsorbing powder [ 14326 ), 


Table 110 

Energy Yield 0 and Quantum Yield Q of Various Phosphors 
Referred to Absorbed Energy* (after Schleede) 


Phosphor . . . 

1 "Pure'' ZnS | 

1 Zn,CdS(Ag) 1 

1 ZnO 

Exciting 

0 

Q 

0 

Q 

0 

Q 

wavelength 



3650A 

17 (10.4) 

21 

37.4 (34.2) 

51 

21.5 (19.5) 

? 

3130A 

40 (35) 

58 

37.3 (35.0) 

59.5 

23.1 (21.6) 

? 


♦ In parentheses : incident energy. 
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When the temperature of ZnS- and Zn,CdS-phosphors is lowered 
from 25° to — 180° C, their luminescence yield during excitation decrea- 
ses by about 20 % if the exciting light of A > 4000A is absorbed in the 
long-wavelength tail of the absorption band, while the luminescence 
yield is doubled, or even tripled, if the exciting light of A ~ 3000A 
is absorbed in the fundamental absorption band of the base material 
{1468). 

The determination of the genuine phosphorescence yield of a 
crystal phosphor is complicated only to a minor extent by the dif- 
ficulty of measuring the exact amount of light absorbed in a layer 
of microcrystalline powders. The latter problem does not exist at all 
in the case of alkali halide phosphors, which can be prepared in the 
form of clear single crystals of appreciable size. The measurement of 
the “light sum” L which is emitted during the afterglow is also a 
relatively easy task. The difficulty lies in the definition of the absorbed 
energy, which must be taken into account. During the excitation a 
great part of the absorbed radiation is re-emitted as fluorescence and 
a smaller part also as phosphorescence. The latter may be neglected if 
the decay of the phosphorescence is slow compared with the duration 
of the excitation period. If, under these conditions, the phosphor- 
escence is excited to saturation, however, a further increase in the 
intensity of the primary radiation will not contribute to the excitation 
of phosphorescence, and if the phosphorescence yield is referred to the 
total amount of light absorbed during the excitation period it will 
appear to decrease with increasing intensity of the exciting light. 

In order to avoid these complications, the exciting irradiation 
must last a time so short that the loss of light sum during the ex- 
citation is negligible, and it must be so weak that an increase in its 
intensity produces a proportional increase in phosphorescence light 
sum. Using these precautions, Buenger obtained a phosphorescence 
quantum yield of about 5% in a KCl(Tl) -phosphor of the most 
favorable Tl-concentration (0.92% molar of T1 in the melt*). This 
result applies, however, only to excitation with light of wavelength 
of highest efficiency. As already mentioned, the phosphorescence of 
thallium-activated alkali halide phosphors is excited exclusively by 
light absorption in the short-wavelength absorption band [with 
maximum at 1950A for KC1{T1) and at 2100A for KBr(Tl)]. The 
phosphorescence yield attains its maximum at the peak of this 
band and falls off rapidly on either side of the band, so that the 

♦ Only a fraction amounting to about one-tenth of the metal contained in 
the melt is incorporated as activator in the crystals. 

Pringsheim 21 
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spectral distribution of the yield coincides with the absorption band. 

Fluorescence of the same KCl(Tl) -phosphor, on the other hand, 
is excited by light of all wavelengths below 2600A with a quantum 
yield of the order of magnitude of 50 % for the u.v. emission band 
alone and of about 80 % if the visible emission band is included in the 

calculation, without any selecti- 
vity at the wavelengths of the 
absorption bands. Thus, the energy 
yield of the fluorescence is repres- 
ented in a yield- versus-wavelength 
diagram by a straight line, while 
the corresponding phosphorescence 
yield is represented by a curve 
closely following the short-wa- 
velength absorption band (Fig. 191 ) 

{i86,i88). 

The phosphorescence yield is 
very small at low thallium concen- 
trations. Quantitative measurements are not available for Tl-concen- 
trations below 0.1 % molar; in the concentration range from 0.1 to 
0.92 % the yield increases continuously, but the increase in much less 
than proportional to the concentration (Figure 192). The coefficient 
of absorption in the band at 1940A has been determined only for 
Tl-concentrations between 4-10~®% and 1.6-10“^%; while at the 
lowest concentrations the absorption is proportional to the Tl-content, 
the absorption increases at a much slower rate when the concentration 
of the activator exceeds 4* 10“^%. These data do not seem to justify 
the conclusion that the phosphorescence yield is proportional to the 



Fig. 191. Fluorescence and phos- 
phorescence yield of a KCl(Tl)- 
phosphor (Buenger). 

1: absorption bands. 2: fluo- 
rescence yield. 3: phosphor- 
escence yield. 



Fig. 192. Absorption coefficient k and phosphorescence yield Q of 
a KCl(Tl) -phosphor as a function of the Tl-concentration c. 

(a) Absorption (1) at 1950A and (2) at 2475A. 

(t) Quantum yield of phosphorescence. 
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square of the concentration, since such a hypothesis would be correct 
only if the absorption coefficient and the yield were both proportional 
to the concentration in the same range of concentrations. On the other, 
hand, this may be true for the very lowest concentrations, but as 
long as no yield measurements are available for this concentration 
range the assumption that the “phosphorescence centers” are formed 
in KCl(Tl) -phosphors when two Tl+-ions are closely adjacent in the 
lattice must be regarded as rather hypothetical. It must be admitted, 
however, that the thallium-activated potassium halide phosphors 
represent the only case of phosphorescence in which the intensity and 
the duration of the phosphorescence increase up to the highest 
attainable concentration of the activating impurity {i86,ygoa,ygoh,ygi, 
I2g3aj486). 

Although the maximum of the phosphorescence excitation ex- 
act ty coincides with the peak of the short-wavelength absorption band, 
Buenger suggests that the “phosphorescence centers” are separate 
units in the crystal and that 5 % of the total absorption in the region 
near 1950A is connected with these centers, while the remaining 95 % 
belongs to “fluorescence centers.” When the phosphorescence is ex- 
cited to saturation, the specific absorption of the phosphorescence 
center should vanish and the peak of the absorption band should be 
lowered accordingly. Thus, the “genuine phosphorescence yield” is 
supposed to be 100%. An experimental proof of this hypothesis by 
Koch is, however, inconclusive ; altogether, the assumption is based 
rather on an analogy with similar effects obtained with Lenard 
phosphors than on experimental evidence {ygoh ) . 

Lenard and his school refer the phosphorescence yield of phos- 
phors exclusively to the so-called exciting absorption, which is only 
a fraction of the total absorption even when the wavelength of the 
exciting light coincides exactly with a ^f-maximum [838,885,886, 
1462). The investigations of these authors deal only with the long- 
duration phosphorescence of sulfide phosphors. .As shown by the 
figures of Tables 1 1 1 and 112, the light sum L which can be stored in 
these phosphors tends to the same saturation value after a few seconds 
of an irradiation of great intensity or after 300 seconds of a much 
weaker irradiation; and the total light sum which is emitted after the 
end of the excitation is the same if the phosphor decays slowly at 
moderate temperatures or if L is “driven out” rapidly by raising the 
temperature. A relatively small loss of light sum occurs at the very 
highest temperatures. The light sum which still is stored in a phosphor 
at a late state of the decay, when the luminescence has become im- 
Pringsheim 21* 
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Table 111 

Light Sum L (in Arbitrary Units) Stored in a CaS(Bi)-pHospHOR 
AFTER Excitation Periods of Various Intensities 
AND Durations (Lenard) 


Duration of excitation period in seconds 


exciting light | 

1 

5 

10 

20 

40 

60 

300 

1 

— 

— 

— 



38 

43 

3.6 

— 

— 

— 

— 

41 

— i 

— 

31 

31 

41 

43 

45 

45 

— 

— 

124 

38 

48 

48 

— 

48 

— 

— 

280 


— 

48 

— 

— 

— - 



Table 112 


Light Sum L (in Arbitrary Units) Obtained from 
A Fully Excited CaS(Bi) -Phosphor When It Is 
Heated to Various Temperatures (Lenard) 


Temperature and time of heating period 


L 


50° C during 60 sec, then 600° C* during 1 5 sec 
150° ‘‘ 20 “ 600° “ 3 “ 

600° “ 3 ‘‘ 

1500°(?) “ 0.1 “ 


55 

54 

48 

47 


* It seems very improbable that temperatures above 400° C contribute 
anything to the light sum. Probably the total stored energy is emitted during 
the heating period long before the temperature of 500° C is reached. 

perceptible at room temperature, can be determined by heating the 
phosphor only if L is not affected by the temperature (compare Figure 
187c). Incidentally, the fact that L is independent of the temperature 
is a strong argument in favor of the assumption that the phosphor- 
escence yield is close to 100 %, for it would be a strange coincidence if 
the rate of light emission and of a competing quenching process would 
be influenced in exactly the same way by raising the temperature. 

However, the constancy of Z, in a very large range of temperature, 
which Lenard postulates for his phosphors, is by no means a property 
characteristic of all crystal phosphors. It has already been mentioned 
that if after the end of the excitation the temperature of a KCl(Tl)- 
phosphor is raised from room temperature to 60° C, the initial bright- 
ness of the phosphorescence is appreciably enhanced but the duration 
of the afterglow is reduced to a much higher degree, so that the total 
light sum is greatly decreased. For a phosphor of the type SrS(Ce, Sm), 
which is closely related to the typical Lenard phosphors, Urbach 



PHOSPHORESCENCE YIELD 


589 


found the light sum obtained by stimulation to be many times larger 
than the light sum which he measured when the stored energy was 
driven out by heat. As stated in Section 158, the probability of internal 
conversion increases, in general, greatly above a certain temperature 
while the yield may remain almost constant below this temperature 
{360a, 360b, 17 27b). 

If, on the other hand, Ellickson obtained a much larger light sum 
by heating the SrS(Eu, Sm) -phosphor mentioned on page 539 than by 
irradiating it with infranid light, it is clear that in this case the infrared 
radiation not only stimulated but, with even higher efficiency, 
quenched the phosphorescence. 

The light absorption in the spectral region in which the long- 
lasting phosphorescence of Lenard phosphors is excited becomes 
weaker when the phosphor is excited and reaches a minimum when 
the excitation is saturated.* Lenard assumes that at saturation all 
phosphorescence centers are excited and no longer participate in the 
absorption process. Lenard’s method for the determination of the 
phosphorescence yield consists in measuring the absorption coefficients 
of the unexcited and of the fully excited phosphor for various wave- 
lengths. The difference between the two coefficients is termed the 
“exciting” absorption characteristic of the centers, while the residual 
absorption, which sometimes greatly exceeds the exciting absorption, 
is ascribed to m-centers and the “filling matter” between the centers. 
Thus, the theory takes it for granted that the saturation is due to the 
disappearance of the absorbing mechanism (as in the case of the dye 
phosphors. Section 104) and not to the complete filling of all available 
traps. In a monomolecular phosphorescence theory, no essential 
difference exists between these two eventualities if every center 
contains only one absorbing element and one trap or if, at any rate, 
the numbers of absorbing resonators and of electron traps are equal. 
This is not true, however, for a bimolecular process if the absorbing 
centers and the traps are unrelated. Although the decrease in absorbing 
power of the excited phosphors for the exciting light has been proved, 
it has not been ascertained whether the ^^-maxima, which correspond 
to selective absorption bands (according to Table 106, Section 155) and 
which are supposed to be characteristic of the “centers,” disappear 
under these conditions from the continuous background. At any rate, 
the reduction of the absorbing power is not confined to the ^^-maxima, 

* This decrease in “exciting absorption" is compensated by the increase 
in “excited absorption" in the region of longer wavelengths, as was pointed out 
in Section 156. 
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but is also observed in the space between these bands. If the ^;?-bands 
continue to exist in the fully excited phosphor, there is no reason to 
doubt that the light absorption in these bands continuous to contribute 
to the luminescence, although the light sum stored in the traps cannot 
be increased an}’ further; thus, saturation of phosphorescence would 
not (as postulated by Lenard) be caused by the reversible destruction 
of a specific type of absorbing center but only by the limited number 
of traps. 

Lenard calculates the phosphorescence yield by comparing the 
' ‘exciting absorption” and the corresponding light sum as functions 
of the energy of the incident light in the intensity range in which 
the light sum, far from being saturated, is a linear function of the 
total primary light energy. From the energy yield 0 the quantum 
yield Q can be derived; both values are listed in Table 113 for three 
sulfide phosphors and for two wavelengths of the exciting light for 
each phosphor { 885 , 1462 ). 


Table 113 


Energy Yield 0 and Quantum Yield Q (in per cent) for 
Various Sulfide Phosphors (Lenard) 


Phosphor 

Band 

Wavel^uxgths in A 

Yield in % 

Peak of phosphor- 
escence band 

dx 

^8 

Exciting light 

0 

Q 




1 


4358 

97 

98 

CaS(Bi) 

a 

4140 

4180 

3200 









3650 

82 

99 






4358 

76 

92 

CaS(Cu) 

a 

5250 

4160 

3490 









3650 

64 

92 






4358 

84 

99.5 

ZnS(Cu) 

a 

5150 

4300 

3600 









3650 

73 

103 


The table shows that the quantum yield is practically independent 
of the wavelength of the exciting light and that it is in all cases very 
close to 100%. Considering the difficulty of the measurements and 
the great number of corrections which must be introduced in the cal- 
culations, the agreement between the different values is almost 
amazing. A comparison of the wavelengths of the exciting light and 
of the adjacent ^/-maxima proves that, while the light absorption is 
stronger in the d^-bands, the light which is absorbed in the spectral 
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regions between the ^/-bands is no less effective in exciting phosphor- 
escence. 

Without introducing any specialized hypothesis concerning the 
mechanism of the process, these results can be summarized in the 
following way: a great part of the light absorbed by a phosphor is 
instantaneously released again either as luminescence of short duration 
or by conversion to heat. Only a relatively small fraction of the total 
absorption (the “exciting absorption”) is not immediately reversible, 
and since the absorbing electrons do not return within a very short 
time to their normal equilibrium positions thex^ are trapped in some 
quasi-stable state ; practically all 
of these electrons eventually gene- 
rate the emission of phosphores- 
cence, and, therefore, the phos- 
phorescence yield referred to the 
exciting absorption is nearly 
100%, while the yield is much 
lower if it is referred to the total 
energy absorbed in the phosphor. 

At low concentrations of the 
activating metal the light sum 
which is stored in a fully excited 
alkaline earth phosphor is pro- 
portional to, the concentration* 

(Figure 193). At higher concen- 
trations the saturation light sum 
tends towards a maximum value. 

This does not necessarily mean 
a decrease in phosphorescence yield in the sense of Lenard’s defi- 
nition, for it is probable that the “exciting absorption,” which has 
been measured only at relatively low concentrations, shows a 
similar behavior. According to curve 2 of Figure 193, the lumines- 
cence of short duration continues to increase, and this part of 
the luminescence does not contribute to the exciting absorption 
since the absorbing centers remain in the excited state only for a very 
short period. An increase in the bismuth concentration from 0.04 
“normal” to 0.1 “normal” enhances the fluorescence of a CaS(Bi)- 
phosphor fifty times. Figure 194 shows, moreover, that at high 
bismuth concentrations also the phosphorescence intensity is greatly 

* Concerning the definition of the “normal concentration” of a CaS(Bi)- 
phosphor, see next section. 



Fig. 193. Saturated light sum L 
and fluorescence intensity 7 of a 
CaS(Bi) -phosphor as a function of 
the Bi-concentration in g Bi per g 
phosphor (Lenard). 

1 : phosphorescence. 

2 : fluorescence. 
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increased during the first seconds of the afterglow which, in general, 
are not included in Lenard’s measurements of the light sum. One 
minute after the end of the excitation, the light sums of the four 
phosphors represented in the figure have reached nearly the same 
levels, while the luminescence intensities corresponding to the slopes 

of the curves are still considerably 
stronger in the phosphors of higher 
metal concentration [S^o^Sgo], 

If, due to the existence of a 
competing quenching process, the 
light emission corresponding to a 
second-order process is represented 
during excitation by an equation of 
the type of (88b), the intensity of 
the luminescence in equilibrium will 
not be proportional to the intensity 
of the exciting radiation. At low 
values of A (the number of absorbed 
photons) the number n of excited 
centers is small and, therefore, the 
first-order quenching process predo- 
minates; with increasing values of 
A the relative importance of the 
second-order emission process in- 
creases and at very high levels of excitation the intensity of the 
emission is practically equal to A and proportional to the intensity 
of the exciting light {iy 2 yd). 

Riehl was the first to observe slight deviations from linearity 
in the ratio between exciting and secondary radiation ; he found that 
at room temperature the fluorescence yield of a Zn,CdS(Ag)-phosphor 
became 1.74 times larger when the intensity of the primary radiation 
was increased in the ratio 1:400. Furthermore, he found that the 
relative increase in yield was much more pronounced at higher temp- 
eratures, and explained it by the fact that the competing quenching 
processes are then much more efficient. Urbach showed that the effect 
discovered by Riehl can be enhanced enormously by the incorporation 
of a quenching agent such as nickel in a phosphor. Under these 
conditions, the deviation from linearity can become so large that the 
yield of the luminescence is several hundred times stronger at high 
light intensities than it is at low levels. If the interpretation of the 
phenomenon which is given in the preceding paragraph is correct, 



Fig. 194. Decay of the phos- 
phorescence of a CavS(Bi)- 
phosphor of various Bi-concen- 
trations during the first 60 sec 
(Kuppenheim). 
a\ 5 normal. b\ 1 normal 
(2.4- 10"”* g Bi per g phos- 
phor). c: 0.1 normal, d: 0.01 
' normal. 
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Urbach’s observations would prove incidentally that the quenching 
due to the introduction of a “killer” obeys the law of a first-order 
reaction {1361, ly 2yd). 

Another instance of a nonlinear relation between the intensities 
of exciting and secondary radiation which can be interpreted as due 
to the competition between two processes has been mentioned on 
page 544 . De Groot observed a slight decrease in the fluorescence 
yield of some zinc sulfide and zinc cadmium sulfide phosphors when, 
at high intensities of the exciting radiation, the density of the latter 
was increased : the total light output became larger by ten to twenty 
per cent when the exciting radiation was defocused and thus spread 
over a wider area. De Groot ascribed this behavior to some kind 
of saturation effect, possibty to the fact that, under these conditions, 
the conduction band is completely occupied by electrons (^67). 

Combining a series of complicated measurements and calculations, 
Lcnard came to the conclusion that about four photons are stored in 
every center of a fully excited CaS(Bi)-phosphor. This seemed to be 
surprising as long as it was assumed that the whole phenomenon took 
place in a single center and that each center contained one bismuth 
atom to which the four electrons were supposed to return successively. 
However, if the electrons originate anywhere in the lattice and are 
stored in traps not necessarily connected with activator atoms, the 
number of excited electrons and of traps can be much larger than the 
number of activator atoms (emission centers). Several holes can be 
stabilized successively, or even simultaneously, in the neighborhood 
of an activator atom, and the same emission center will be excited 
every time one of these holes catches an electron. 

Randall calculated the number of photons emitted by a fully 
excited SrS(Bi)-phosphors to be of the order of 1 per 5 * 10 ^ strontium 
atoms and thus, supposedly, rather more than one per activator atom. 
On the other hand, Urbach determined the number of photons 
released by a SrS(Eu,Sm)-pho.sphor under infrared stimulation. He 
obtained one photon per 3 Sm atoms (the traps). 2 % of the Ce atoms 
participate in the stimulated emission of a SrS(Ce,Sm) phosphor. In 
all these experiments the number of “centers'' is somewhat vague, 
because it is impossible to ascertain how many of the impurity atoms 
are effectively incorporated as “activators” and how many may be 
dissolved in the flux or lost during the preparation [36oh, 1335b jy2yb). 
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B. Properties of the Most Important Synthetic 
Crystal Phosphors 

161. Alkaline Earth Sulfide Phosphors and Related Phosphors. If 

precedence is accorded in this chapter to the I^enard phosphors, this 
certainly cannot be justified by the assertion that they represent an 
especially simple case. On the contrary, the manifold luminescence 
phenomena obtained with these phosphors are probably the most 
complicated occurring anywhere in the field. This is due, in part at 
least, to the fact that they were not selected as examples for a theo- 
retical treatment but were developed empirically as substances ex- 
hibiting the longest and strongest afterglow. Even the most modern 
prescriptions for their preparation still contain traces of their al- 
chemistic origin. However, these phosphors surpass all others not only 
by the duration of their afterglow but also by the wealth of material 
that has been published concerning their properties. This material 
provided the base on which the modern theory of phosphorescence is 
founded {y 8 ^, 886 , 8 g 2 ). 

The sulfide, oxide, or selenide of one of the alkaline earths 
(calcium, strontium, or barium) forms the base material of the 
phosphors. Although different methods of preparation have been 
mentioned in preceding sections, the usual and most efiective method 
consists in heating the sulfate, carbonate, or selenide of the alkaline 
earth metal together with a small quantity of the activating metal 
and a flux, such as Na 2 S 04 , NaCl, CaF, etc., in an atmosphere of sulfur 
vapor, oxygen, or selenium vapor, respectively^ to a temperature of 
about 1000° C. (The most favorable temperatures of firing vary with 
the composition of the phosphor and the nature of the flux). Some 
examples of ‘‘normal concentrations” for the production of phosphors 
with strong and long-lasting afterglow are the following, according 
to Lenard: 

CaS(Bi) : Ig CaSO^ -j- 2.4* 10 ~^ g Bi -f- 3* g Na 2 B 407 -f 2 - 10 “® g CaF 
CaS(Ag) : 1 g CaSO^ -j- 2 • 10 “® g Ag -f 5 • 1 0~2 g K 2 SO 4 
SrO(Bi) : 1 g SrCOg -f 1 • 10“^ g Bi -f- 6- IO -2 g MgF 
BaSe(Pb) : 1 g BaSe -f 5 • 1 g Pb -f 5 • 10 “^ g Na 2 B 407 

Lenard and his pupils refer all other concentrations of the activator 
to these “normal concentrations,” so that a CaS(Bi) -phosphor con- 
taining 9.6- 10~® g or 1.2- ICb"^ g Bi per g CaS 04 would be termed as 
0.04 “normar' and 5 “normal,” respectively {F 84,1 xgy , 1445 ). 
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In the firing process a part of the sulfates and carbonates are 
converted to sulfides and oxides.* With normal concentrations of the 
activating metal the quality of the phosphor is not affected if a part 
of the base material retains its original composition as sulfate or 
carbonate, as shown by the figures of Table 114. Apparently the Bi- 
atoms are all incorporated in the sulfide crystallites, as long as these 
form at least 25% of the total mass, while the remaining sulfate 
serves only as “filling material.’’ 

If the sulfate is not protected sufficiently against reactions with 
atmospheric air during the firing, a part of the material is converted 
to oxide and a “mixed phosphor” is formed. If the firing temperature 
is relatively low (about 800° C) or the concentration of the activator 
is great, the resulting phosphors exhibit only a very poor afterglow. 

Table 114 

Saturation Light Sum L of a CaS(Bi)-PHOSPHOR of Constant 
B i-CONCENTRATION AND VARYING CONCENTRATION OF SULFATE 
{L in arbitrary units) 


Composition of base material in % j 

L 

CHSO4 ' 

CaS 

CaO 

39 

61 

0 

252 

75 

25 

0 

232 

86 

i 11 

3 

4 

100 

0 

0 

0 


According to more recent investigations, the presence of sulfate 
ions can influence the formation of certain phosphors. Moreover, the 
presence of small quantities of oxide ions and other anions may affect 
the properties of phosphors almost as much as the presence of an 
activator. This is a problem, however, which is still far from solved 
completely [I2y4a,iy2yhjy86h). 

Table 115 lists the activating metals which have been found to be 
effective in Lenard phosphors. In addition to the alkaline earth 
phosphors, the table contains compounds in which the alkaline earth 
metal is replaced in the base material by another divalent metal of 
the second column of the periodic .system. Finally, two alkali sulfides 
are included as belonging also to this group of phosphors. The RbS- 

* These oxide phosphors differ widely from “carbonate phosphors” such 
as the synthetic luminescent calcite mentioned in Section 153. The latter 
are practically only fluorescent, their afterglow being negligible. 
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Table 115 

Composition of Lenard Phosphors 


Base 

material 

Cii 

Ag 

1 

Zn 

Pb 

Sn 

Bi 

Mn 

Sb 

Fc 

Co 

Ni 

Ce 

Pr 

Nd 

Eu 

Sm 

Tb 

Gd 

u 

CaS 

+ 

+ 

? 

4- 

4- 

4- 

4- 

4- 

4- 

0 

4- 

_ 

4 

? 

_ 

4 

? 

0 

0 

SrS 

4- 

+ 

+* 

4- 

0 

+ 

4- 

- 

4- 

o 

4 

4- 

4 

? 

4- 

4 

+ 

0 

0 

BaS 

-f 

0 

0 

4- 

0 

4- 

o 

o 

- 


0 

- 

- 

- 

- 


- 

0 

- 

CaO 

+ 

- 

- 

4- 

- 

4- 

-h 

4- 

- 


- 

- 


? 

‘f 

+ 

4- 

0 


SrO 

+ 

- 

- 

4- 

- 

+ 

4- 

- 

- 

- 

- 

_ 


? 


4- 

4- 

0 

- 

BaO 

+ 

- 

- 

4- 

- 

+ 

0 

- 


- 

- 

- 

- 

? 

- 

- 

- 

- 

>. 

CaSe 

-f 

- 

+ 

- 

- 

4- 

0 

4- 

4- 

- 

0 

- 

- 

- 


- 

- 

- 


SrSe 

+ 

_ 

+ 

- 

- 

- 

4- 

- 

- 

- 

- 

- 

- 

- 

4- 

4 

- 

- 

- 

BaSe 

0 

- 

4~ 

H- 

“ 

0 

- 

- 

- 

- 

- 


- 

- 

- 

“ 

- 

- 

- 

1 

BeS 

0 

0 

0 

0 

0 

4- 

0 

4_ 

— 

_ 

_ 

4- 

— 

_ 

_ 

_ 

_ 


_ 

MgS 

? 

+ 

- 

? 

- 

4- 

4- 

-- 

- 

- 

- 

4- 

4 

? 

- 

4 

- 

4 

- 

ZnS 

+ 


4- 

He* 

0 

0 

-f 


4" 

- 

- 

_ 

- 

- 

- 


- 

- 

- 

CdS 

+ 

-f 

4- 

- 

- 

- 

- 

- 

- 

- 

- 


_ 


- 


- 

- 

- 

BeO 

- 

- 

- 

- 

- 

_ 


- 


- 

- 


- 

- 

- 

- 


- 

- 

MgO 

- 

- 

- 

- 

- 

- 

4- 

_ 

- 

- 

- 

- 

... 

- 


4- 

- 

- 

_ 

ZnO 

- 

- 

+ 

- 

- 

- 

4- 

- 

- 

- 

- 

- 


... 

- 

4- 

- 

“ 


NaS 

RbS 

+ 

- 

- 

- 

- 

- 

- 

- 

4- 

- 

- 

- 

- 

- 

- 

- 

- 

" 

- 


* According to Urbach, no zinc-activated SrS-phosphors can be prepared. 
*• Compare page 525. 


phosphor is the only phosphor listed in the table which is activated 
by an unknown impurity. For technical reasons, phosphors with 
sulfides of the other alkali metals (except Na) as base material cannot 
be prepared. 

The + signs in the table indicate that the metal at the head of the 
column has been proved to be an effective activator, an o indicates 
that an investigator has mentioned explicitly that the combination 
gives no positive result, while the numerous open spaces (marked 
with -) may largely be due to the fortuitous circumstance that the 
combination has not been investigated. It can be assumed that many 
of these vacancies could be filled at present, since a great many new 
phosphors have been produced lately for industrial purposes and for 
various technical applications. Among the latter are the mixed 
phosphors which were developed because of their good response to 
infrared stimulation and to changes in dielectric constant (D.K. effect). 
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Several examples of this type were mentioned in preceding sections. 
The most important are, apparently, SrS(Ce,Sm); SrSe(Eu,Sm); 
SrS(Sm,Bi); ZnS(Pb,Cu); CdS,Se(Cu), SrS,0(Eu,Sm) ; Zn,CdS(Cu); 
etc. Some papers dealing with these phosphors are concerned almost 
exclusively with the specific qualities with respect to which the 
phosphors were developed and, in general, contain little information 
about their other properties. In his paper on the D.K. effect, Wesch 
mentions that he succeeded in preparing copper-activated tellurides 
of zinc and cadmium and mixed phpsphors such as ZnS,Te(Cu) ; 
Zn,CdS,Te(Cu), etc.; moreover, he prepared a photoluminescent 
HgS(Cu)-phosphor, although Lenard maintained that it was impossible 
to use the strongly colored sulfide of mcrcur\’ as base material of 
ph osph or s {402 c , 1154a , iy2yhj82i ) . 

Among the alkaline earth metals, calcium gives the best results 
with almost all activators, strontium is somewhat less effective, and 
barium compounds are the least favorable base materials. On the other 
hand, copper is a good activator for nearly all phosphors (Be^S being 
the only exception explicitly mentioned); it is followed by bismuth, 
manganese, and lead, while the metals of the iron group are serviceable 
in only a few cases and only at very low concentrations (see Section 
154). It is surprising that, although manganese is an excellent activator 
for many alkaline earth salts and chromium-activated aluminum and 
magnesium oxides exhibit a brilliant fluorescence, no chromium- 
activated Lenard phosphors can be obtained. 

In contradiction to Lenard, who lists ZnwS-phosphors activated 
with Co, Bi, and Pb, most recent authors agree that apart from inter- 
stitial zinc atoms (in so-called “pure” ZnS) the only impurities by 
which zinc sulfide is activated are silver, copper, manganese, and 
possibly iron.* The same seems to be true with respect to CdS and 
mixed Zn,CdS-phosphors {F, 2 66, 268, 8 33a, 1360, 136 3 ,1433), 

According to Rotschild, luminescent zinc sulfide phosphors activ- 
ated with silver or copper are obtained only if a halide, such as NaCl or 
KI, is used as flux in the preparation. Since luminescent ZnvS(Ag) and 
ZnS(Cu) phosphors can be prepared by the “contact method,^ the 
activating impurity atoms need not react at high temperatures with 
the halide ions. However, the “pure" zinc sulfide itself which sub- 
sequently is activated by “contact” must have been prepared in the 
presence of a halide flux, as will be pointed out in the following 
section. ZnS(Mn)-phosphors can be prepared without any flux {1386b). 


Concerning Fonda's ZnS(Pb)- and ZnS (Pb,Cu) -phosphors, see p. 525. 
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The phosphorescence bands of phosphors of different composition 
and the various emission bands of a given Lenard phosphor differ 
greatly in their dependence on the temperature of observation. The 
afterglow of some bands has great intensity even at — 180° C (“low- 
temperature bands”), others appear only at moderate temperatures, 
and still others have their greatest intensity and a long duration at 
temperatures exceeding 300° C (“high temperature bands”). As shown 
in Table 116, the most favorable temperatures for analogous bands 
are highest with oxide phosphprs and lowest for selenide phosphors : 
the average energy needed for raising the trapped electrons into the 
conduction band is largest in the oxide and lowest in the selenide 
phosphors. At room temperature selenide phosphors, therefore, 
exhibit only a very short afterglow, in general. Very stable traps of 
great depth are formed, however, in certain mixed selenide phosphors 
of the type mentioned above. A SrS(Ce,,Sm) -phosphor retains its 
activity so that 2 weeks after excitation the brightness under infrared 
stimulation is still very appreciable. At the temperature of boiling 
hydrogen the phosphorescence of all Lenard phosphors is “frozen in”; 
at temperatures above 500° C, and frequently even at lower tempera- 
tures, the phosphorescence is completely quenched {iy86b,c). 

“Mixed phosphors” of three different types have been mentioned 
in preceding sections. 

(a) Two activating metals are incorporated into a single base 
material. In this case, either the bands of both activators are observed 
simultaneously or the emission bands of the one are suppressed by 
those of the other. Nitka obtained in the emission spectrum of 
manganese-activated zinc sulfide a broad band with two maxima 


Table 116 

Most Favorable Temperature for the Appearance of 
Phosphorescence Bands of Various Lenard Phosphors 



Oxide phosphor 

Sulfide phosplior 

Selenide phosphor 

Band 

Band peak 
in A 

Temp 
in ® C 

Band peak 
in A 

Temp 
in ® C 

Band peak 
in A 

Temp 
in ® C 

CaBi a 

4350 

300-350 

4450 

10-200 

— 

— 

p 



5200 

ca 300 

6620 

15 

SrBi a 

4400 

250-300 

4700 

-45-17 

— 

— 

p 



5500 j 

200 

6460 

—180 

BaBi a 

5350 

ca 80 

5400 

—80 

— 

— 

P 



5500 

17 

6600 

—180 
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which he designated as the “a-band” of ZnS(Mn). Depending on the 
wavelength of the exciting light, the relative intensity of the two 
maxima varied considerably (Figure 195) {1140). A phenomenon of 
this kind has never been observed with any other Lenard phosphor 
and Kroeger assumes, therefore, that Nitka’s phosphor was con- 
taminated with copper so that it was really a “mixed phosphor.” 



16000 17000 18000 19000 16000 17000 18000 19000 cm'* 

Fig. 195. Phosphorescence spectrum of a ZnS(Mn) -phosphor 

(Nitka). Wavelength of exciting light; (a) 4358A; (6) 4047A; 

(c) 3655A; [d) 3132A. 

Kroeger ascribes the maximum of shorter wavelength {5550A), which 
is practically not excited by the Hg-line 4537A, to copper, while this 
Hg-line strongly excites the manganese band at 5850A. On the other 
hand, either band responds very poorly to excitation by the line 4047 
and is excited with nearly equal efficiency by the u.v. lines 3650 and 
3130A {830,1142). 

(b) In the second type of mixed phosphors, the base material 
contains two different anions and consists partially of oxide and 
partially of sulfide, or partially of sulfide and partially of selenide. 
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Under these conditions the emission spectrum is characteristic of the 
first of the two components, if this component is present at a concen- 
tration exceeding a few per cent and if the concentration of the 
activating metal is not above “normal.” According to Tomaschek, the 
activating metal is preferentially incorporated in those “centers” in 
which it can form the more stable compound, e.g., CuO as compared 
with CuvS, or CuS as compared with CuwSci (i6g2). 

(c) If the base lattice contains two different cations - for in- 
stance, calcium and strontium or zinc and cadmium — the emission 
band of the activator is continuously displaced with increasing concen- 
tration of the second component; it varies from the pure basic 
material of the first kind to that of the second kind, if the two com- 
pounds are able to form mixed crystals of all concentrations. This is 
the case for the systems CaS-SrS and ZnS-CdS. Ca,SrS(Sm) -phosphors 
have been discussed in Section 141. The long-wavelength limit of the 
fundamental absorption band of mixed crystals of ZnS and CdS is 
shifted continuously in the direction of greater wavelengths with 
increasing cadmium concentration and, simultaneously, the phos- 
phorescence bands of the silver- and the copper-activated phosphors 
are displaced from the blue and green to the extreme red (see Table 
1 17 and Figure 198A on page 605). According to Henderson, the shift 
of the long-wavelength edge of the fundamental absorption band and 
of the peak of the fluorescence band can be represented by straight 
lines in a diagram showing the wave-numbers as functions of the 
cadmium concentration (Figure 198B) (600). 

Manganese does not show the same behavior when it is activa- 
ting mixed Zn,CdS-phosphors: the wavelength of its characteristic 


Table 117 

Absorption and Luminescence Spectra of Mixed Zn,CdS-PHospHORS 

(Wavelengths in A) 


% Cd 

0 1 

10 

20 

30 

40 

50 

60 

70 

80 

90 

100 



3350 

3580 

3720 

3900 

4115 

4270 

4450 

4700 

4820 

4930 

5170 

Af 

3310 


37 

80* 


4240 


465^ 


4900 

5100 

;V(Cu) . . 

5200 

5600 

6100 

6300 

6400 

6500 

6600 

6800 

7000 

7000 

i.r. 

^(Ag) 

4450 

4650 

4800 


5100 

5600 

6000 


6700 


i.r. 


: long-wavelength limit of fundamental absorption band, 

Ap: vShort-wavelength limit of low-temperature fluorescence (see next section). 
Xp : peak of phosphorescence band. 

♦ Measured for 25 % Cd. 



emission oana in tne orange is 
changed only slightly by the 
addition of CdS to the base 
material. Coc 

In copper-activated ZnS- 
phospbors not only the color 
but also the duration of the 
phosphorescence is greatly af- 
fected by the addition of CdS. BoC 
In a ZnS-phosphor containing 
2 % CdS, the afterglow is visi- znC 
ble for more than an hour; in 
a mixed phosphor with 10% 

CdS, the duration of the phos- 
phorescence is reduced to 
about ten minutes; with 20% 

CdS it is reduced tolialf a mi- 
nute ; with 30 % CdS to several 
seconds; while in phosphors 
containing 40 % CdS and more, SrZi 
no afterglow is perceived wit- 
hout the use of a phos- 5^4, 
phoroscope (./02&,^95,5^9,550, 

708, 832, 833a, 833b, 1386a, 1386b, ^ 

1431b). Sr Ml 

Although the crystals of ZnM 
CaS and CdS belong to dif- Qg0j 
erent classes of symmetry, the 
first being cubic and the second ^ ^ 
hexagonal, CdS can be incor- 
porated in CaS-phosphors up 
to a concentration of 5 % 
without destroying the phos- 
phor. In this case, also, the Si C 
emission band of a copper- 
activated phosphor is shifted ExcI 
in the direction of greater p. 
wavelengths by the addition 
of CdS to the base material 
and the duration of the afterglow i 
Figure 196 renresents. after Lei 
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Spectra of various sulfide phosphors, each phosphor having several 
independent phosphorescence bands, and every emission band corre- 
sponding to several (/-bands for the excitation of phosphorescence and 
a diffuse w-band for the excitation of fluorescence (or the “w-process”). 
By an adequate choice of the flux and the temperature and duration 
of the firing, it is possible to prepare phosphors which exhibit preferen- 
tially or exclusively one of the various emission bands and only one or 
two of the (/-bands corresponding to such an emission band. The color 
of the phosphorescence of BaS(Cu) -phosphors in influenced, also, by 
the anion of the flux used for the preparation ; 
with lithium phosphate or lithium sulfate used 
as flux the color is yellowish red and greenish 
yellow, respectively. If traces of chloride ions 
are present, they suppress the influence of all 
other anions. It is not clear whether the.se 
changes in color are due to the preferential 
appearance of one of the characteristic bands 
of the phosphor (Lenard lists the bands a with 
peak at GfiOOA, ^ with peak at 5500A, and 
with peak at 4300A) or to the shift of the peak 
of an individual band { 883 ,iy 2 yb). 

In general, the emission bands do not have 
the simple bell shape shown in the schematic 
representation of Figure 196, but have a 
complex structure, and an apparent wave- 
length shift of a band by lowering of the temperature may really 
be produced by a change in the intensity distribution between the 
components of the band (Figure 197). 

The emission spectra of phosphors which are activated with 
rare-earth metals have been treated in Section 141. While the exci- 
tation of pure rare-earth salts is limited, in general, to the absorption 
lines characteristic of the rare-earth ions, these lines have no important 
part in the excitation of the phosphors. The latter exhibit a number 
of (/-bands which have no connection with the absorption spectra of 
the ions and which are analogous in every respect to the (/-bands of 
other Lenard phosphors. An example is given at the bottom of Figure 
1 96 for the CaS(Sm) -phosphor. Phosphorescence of long duration is exci- 
ted by light absorption in the (/-bands only, while luminescence of short 
duration ( ‘ ‘m-process”) is also produced in these phosphors by irradiation 
with light of a broader spectral region (“w-bands”). The emission spectra 
consist, in both cases, of the typical rare-earth line series {i6y8j6g3). 



Fig. 197. Phosphor- 
escence bands of a 
SrS(Bi) -phosphor at 
20° and - 190° C (Ni- 
chols and Merritt) . 
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A very great amount of work has been done by Lenard and his 
school in the endeavor to establish relations between the wavelength 
of the ^-bands and the emission bands with other properties of the 
phosphors, especially their dielectric constant e. The first rule of this 
type claimed only that if phosphors of the same composition — for 
instance, ‘‘0.1 ‘normaP CaS(Bi)-phosphors” — but with different 
dielectric constants were obtained by different methods of preparation, 
the wavelengths of their <^-bands varied in such a way that A (di) • 
remained constant. Later, this rule was extended to the ^-bands of 
“analogous” emission bands of phosphors with different basc^ materials 
and different activators. Analogous bands were defined as phosphor- 
escence bands which showed the same general behavior with respect 
to their dependence on the temperature of observation, the concentra- 
tion of the activator, the manner of preparation, etc. Such analogous 
bands are, for instance, the a-bands of CaS(Cu), wSrS(Cu), CaS(Mn), 
ZnS(Cu) and the j3-bands of CaS(Ag), SrS(Bi) ; etc.* Another group of 
analogous bands is assumed to be formed by the a-band of Bi and the 
jS-bands of Mn and Ni. Thus, finally, the phosphorescence bands of all 
sulfide phosphors were arrayed in five groups and the wavelengths of 
all ^^-maxima could be derived from five series of “absolute wave- 
lengths” by multiplying the values listed under di in Table 1 18 by the 
square root of the dielectric constant of the phosphors ( 1446 ), 


Table 118 

“Absolute Wavelengths” of the ^^-Bands of Sulfide Phosphors 


Group 

number 

liinission band of the activator 


Absolute wavelength of dj in A 


I 

Bi a, Mn fi, Ni ^ 

770 

1130 

1470 

— 

— 

— 

II 

Mn a, Cu a, Zn a, Ni a, 
Agp, Vhp, Bip 

780 

990 

1210 

1460 

1740 

— 

III 

Ag a, Pb a 

700 

860 

1040 

1240 

1470 


IV 

Cu p, Ni y 

780 

930 

1130 

13C0 

1600 

1840 

V 

Cu y, Ag y, Pb y, Zn d 

870 

(990) 

1180 i 

(1370) 

1540 

— 


A similar table has been arranged for oxide phosphors. It must be 
mentioned that, in general, not all ^-bands which can be computed 
from Table 1 18 are observed in a single phosphor; on the average, the 
number of ^^-bands of an individual phosphor does not exceed three 
and in some cases only two or even one such band has been found. 

* Lenard’s original concept, according to which analogous bands had been 
designated by the same Greek letter, had to be given up in this connection. 
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The whole scheme is based on the hypothesis that the ‘‘absolute 
wavelengths” correspond to the frequencies of a resonator in vacuo and 
and that these frequencies are shifted in the direction of greater 
wavelengths by the dielectric constant of the surrounding medium. 

The emission bands themselves were supposed to follow a similar 
law, at least qualitatively. In accordance with the fact that the mean 
dielectric constants of alkaline earth phosphors increase from Ca to 
Sr and Ba, and from sulfide to oxide and selenide, the peaks of analo- 
gous emission bands are displaced in the direction of greater wave- 
lengths following the same order as the increase of e. Ultraviolet bands 
are found in the emission spectra of almost all Ca-phosphors, they are 
less frequent in the spectra of Sr-phosphors, and they are completely 
missing in those of Ba-phosphors. The CaS(Ag) -phosphor prepared 
according to the formula given in the second paragraph of this section 
has only u.v. phosphorescence bands (at 3500, 3170, and 2840A), while 
the emission bands of the SrS(Ag) -phosphor are at 5700,4200, and 
3750A ( 1196 ), 

Schmidt, one of Lenard’s collaborators, tried finally to link the 
frequencies of the emission bands to the sets of ^^-bands represented in 
Table 118. Most of the phosphorescence bands can be resolved into 
several components, as shown in Figure 197. Using the frequencies of 
these components and combining them with those of the ^/-maxima, 
Schmidt succeeded in representing the complete spectra of all phos- 
phors by equations of the type : 

( 95 ) 

where A* (with values of the order of magnitude of 20A) is derived by 
extrapolation from one of the horizontal rows in Table 118 and n is 
an integer, assuming values from 6 to 17. This new order completely 
destroys Lenard’s original concept : not only are ^^-maxima belonging 
to the same emission band assigned to different series, but this is 
true for the various components of emission bands which were 
“single” according to Lenard’s definition [ 1449 , 1451 ). 

Lenard’s original hypothesis concerning the existence of “abso- 
lute” frequencies and the influence of the dielectric constant on these 
frequencies was derived from classical electrodynamics, but this 
theory cannot be applied indiscriminately to the electronic frequences 
in a crystal, Schmidt’s equation, which contradicts Lenard’s own 
assignments in many details, is apparently influenced by the quantum 
laws of series spectra and has no theoretical basis whatsoever. It is, 
of course, always possible to represent not too well-defined wavelengths 
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of a number of bands by equations containing a sufficient number of 
constants or the high multiples of very small quantities. 

Another attempt to establish a “series law” for the structure 
of the emission bands of phosphors is, if any thing, even less admissible, 
although references to this law are not infrequent in the literature. 
According to Tanaka, all luminescence spectra of crystal phosphors 
containing an activating metal consist of a series of equidistant max- 
ima, and the spacings of these maxima are claimed to be characteristic 



Fig. 198A. Phosphorescence spectra of mixed Zn,CdS-phosphors 

(Rothschild). 

(i?) Without foreign activator: t, 0%; 2, 30%, 3, 50%; 4, 

5, 100% CdS. 

[b) Zn.CdS(Ag): 1, O^;,; 2. 10%; 3. 30%; 4. 50 ‘%; 5. 70 
0, 100% CdS. 


of the activator and quite independent of the nature of the base 
material. The existence of such progressions, with spacings of the order 
of magnitude of 100 cm~^, can be interpreted only as due to the super- ^ 
position of lattice vibrations on an electronic frequency and thus 
should be determined mainly by the base material. Tanaka’s experi- 
mental results, obtained by visual spectrophotometry, have never 
been confirmed by another investigator { 1566 , 1626 ). 

162 , ‘‘Pure” Sulfide and Oxide Phosphors* The question whether 
zinc sulfide must contain a foreign impurity to become a “phosphor” 
has been much discussed, but it was assumed to be definitely settled 
in the sense that, in this case, interstitial zinc atoms can play the 
part of the activator. There is a slight difference between the ab- 
sorption and emission bands of “pure” sphalerite and wurtzite, 
the former being displaced with respect to the latter by about 500 
cm"~^ (50~60A) in the direction of greater wavelengths. The lumines- 
Prxngsheim 22 
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cence bands are broad and diffuse (Figure 198A) and the color of the 
luminescence is blue* {830,832 ,1360, 1386a, 1433, 1434 j6go). 

It has been mentioned in the preceding section, however, that 
according to Rothschild zinc sulfide exhibits its blue luminescence 
only when it has been fired with a halide flux (1386b) . Kroeger (834b) 
corroborated and extended Rothschild’s results. He found that zinc 
sulfide prepared without a halide flux and showing no blue lumines- 
cence was converted into the blue luminescent modification by heating 
the material in an atmosphere of chlorine. A new band at 3600 A 
appeared in the absorption spectrum of this modification, but the blue 
luminescence was excited not only by light absorbed in this band, but 
also by light absorbed in the fundamental absorption band of ZnS 
below 3400A. When the blue fluorescent ZnS is heated to 1 100° C in 
an atmosphere of hydrogen or nitrogen, the blue fluorescence vanishes 
and the original modification is restored. The whole cycle can then be 
repeated at will. A quite satisfactory interpretation of the part played 
by the halide in the formation of the blue fluorescent centers has not 
yet been proposed. 

At — 190"" C the modification of ZnS without visible luminescence 
emits an u.v. fluorescence with a peak near 3400A, the intensity of 
which decreases when the blue luminescence appears. This u.v. 
luminescence may be identical with the fluorescence which is described 
in a later paragraph of this section and apparently is observed in all 
'‘pure” ZnS-phosphors at the temperature of liquid air (compare 
Table 119). 

Pure cadmium sulfide without a foreign activator also is lumi- 
nescent if an excess of cadmium atoms in interstitial positions is 
provided by heat treatment. The peak of the emission band is situated 
.in the near infrared, only the tail of the band stretching to the visible, 
and the fluorescence color is a deep red. In mixed crystals of pure ZnS 
and CdS, the peak of the luminescence band is shifted with increasing 
cadmium concentration continuously from the blue to the red; the 

♦ While all other aluthors have prepared these phosphors by the usual 
method of firing the sulfide together with a flux — e.g., NaCl — in an atmosphere 
of sulfur vapor or H,S, Coustal and Prevet obtained “pure" ZnS-phosphors by 
a so-called explosion method. A mixture of finely pulverized zinc and sulfur was 
ignited by an electric spark. Under these conditions, the reaction takes place at 
very high temperatures (according to the authors, at 3000° C) and the product 
of the reaction is claimed to be very pure and well-crystallized wurtzite, with 
a strong luminescence. The color of this luminescence is described as greenish, 
diflering, thus, from the results obtained by the usual method and suggesting the 
presence of small quantities of oepper (238-241,1264,1263). 
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behavior is very similar to that of silver-activated mixed Zn,CdS- 
phosphors, but the bands are appreciably broader in the case of the 
“pure” phosphors (Figure 198B). The question whether in the mixed 
pure phosphors interstitial atoms of both metals function as activators 
has never been discussed {y o 8 , 8 33 a j 386 a, 1386 }}). 

The fluorescence of pure zinc oxide has been mentioned frequently 
but the statements which were published by various investigatars 
with repect to the fluorescence spectra disagree widely. The color of 



Fig. 1 9 8B. Absorption and fluorescence bands of 
mixed Zn, CdS-phosphors as a function of the 
CdS-concentration (Hendersen). 

(1) Long-wavelength edge of fundamental 
absorption band (Gisolf) ; shift = 90 cm~^ per 
1 % CdS. (2) Peak of fluorescence band of Ag- 
activated phosphor (Rothschild); shifts 
92.6 cm-i per 1 «/o CdS. 


the luminescence which can be excited by near u.v. has been described 
as varying between yellow and green, depending on the previous 
heat treatment. According to Studer and Gaus, at room temperature 
the emission band reaches from about 4200 to 6000A, with a peak 
at 5000A. At — 193° C the band is much narrower and the height 
of the peak is greatly enhanced {ggh,ggcj 43 gj 3 g 5 a). However, a 
sample of pure zinc oxide fired at 1000° C could, according to Leverenz, 
be excited by irradiation with near u.v. only to emit a deep violet 
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fluorescence, corresponding to an emission band which began at about 
4500A and had its peak somewhere below 4000A { 907 a). 

At the temperature of liquid air, the sulfides of zinc and cadmium 
and the oxides of zinc and calcium exhibit a new fluorescence spectrum 
consisting of systems of relatively narrow and nearly equidistant 
bands. These spectra were interpreted in Section 155 as being due to 
the inverse effect of the fundamental absorption, corresponding to 
transitions between the conduction band and the ground state of the 
matrix lattice. In Tables 119 and 120 the wavelengths of these bands 
and some other characteristic data arc collected. Because of the relative 
sharpness of the bands, the difference between sphalerite and wurtzite 
is especially clear in these spectra. The low temperature bands of 
cadmium sulfide are situated in the visible region, with an intensity 
maximum at 5200A, and thus the fluorescence color of pure CdwS 
changes from deep red to green, when the phosphor is immersed in 
liquid air. In mixed Zn,CdS-phosphors the individual bands are well 
separated only if they contain less than 10% and more than 90 % 
CdS, while the bands become very diffuse and overlap in the inter- 
mediate range of concentrations. As is showm by the figures in the 
third column of Table 119, the addition of 3% ZnS to pure CdS 
produces a very appreciable shift in the wavelengths of the bands. 
The figures given under the heading for ZnO indicate the degree of 

Table 119 

Low-Temperature Fluorescence Bands Ae and Long-Wavelength 
Edge of Fundamental Absorption Band of Pure 
ZnS-, CdS-, and ZhO-Phosphors 
(Wavelengths in A) 


Phosphor ^ 

ZnS 

cubic 

ZnS 

hexagonal 

i CdS -f 3% 
ZnS 

hexagonal 

CdS 

hexagonal 

ZnO 

hexagonal 

Aa 

3410 

1 3350 

5100 

5170 

3710 

Av (cm“^) 

I 360 

360 

318 

320 

500 


1 3390 

3335 

5070 

5140* 

3708 (3692) 


3436 

3380 

5160 

5230 

3753 (3750) 

Ae 

3480 

3420 

5255 

5320 

3830 (3940) 


3522 

3465 ’ 

5340 

5410 

3927 (3930) 


3570 

3510 

5420 

5500 

4011 (3999) 



3550 


5603 1 


* In the fluorescence spectrum of pure CdS, a few weaker bands appear in the 
spectral region between 4800 and 4900A superimposed on the fundamental 
absorption band. 



PURE SULFIDE AND OXIDE PHOSPHORS 


609 


agreement obtained by two independent investigators. The values 
of Xa ill the first row correspond to the long-wavelength limits of the 
fundamental absorption bands, while those of A v give the average 
frequency differences occurring in the progressions (374,375,833a, 
837^.8370, 1331,1332). 

The low-temperature fluorescence bands of pure ZnS are excited 
by irradiating the phosphor with the Hg-line 2537A; those of pure 
CdS and of ZnC) are obtained by irradiation with the Hg-lines at 
3650A. In ZnS-phosphors activated by Cu and Ag the low-tempera- 
ture fluorescence bands of Table 119 are completely suppressed. 

The bands observed by Ewles in the low-temperature spectrum 
of pure calcium oxide are even better resolved and exhibit a clear fine 
structure with two recurring spacings which can be ascribed to vi- 
brational frequencies of the lower electronic state. The first three 
bands (bands A, B, and C in Table 120) are very faint and do not 
fit into the band system. Two weak progressions L and H, distant from 
the components K by frequency differences 298 and 2 * 298 cm”^, were 
observed only with cathode-ray excitation and are missing in the 
photoluminescemce spectra. No clear numerical relation exists be- 
tween the (F, (7)-group and the (H, K, T)-group of bands, and Ewles 
seems to ascribe them to different electronic transitions. Only the 
first group (F, G) is visible in the photoluminescence spectrum of pure 
CaO (Figure 199^^), while the group K appears as soon as the oxide is 
contaminated by as little as 10-^% of Bi. At a bismuth concentra- 
tion of 10“"2 % the band group (F, G) is almost completely suppressed, 
while the group K becomes very strong (P'igure 1996). Band spectra of 


Table 120 

Low-Temperature Fluorescence Bands of CaO 
(Wavelengths in A, Av in cm~^) 


i 

Av 

.. . .._i 

i 

v' 0 

Av 

v' ^ 1 


A 3491 

0 

3660 

(238) 

Go 3694 

Fo 3904 

(486) j 


(539) 


(535) 

(497) 


B 3552 1 

1 

Fj 3732 

(245) 

Gi 3768 

K, 3981 

Av 

1 

(219) 


(499) 1 


(487) 

(519) 

C 3579 

2 

Fj 3805 

(233) 

Gg 3839 

K, 4064 

Av 


i 

1 

(485) 


— 

(451) 



1 3 

Eg 3877 1 

— 

Gg 

K 3 4142 
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a similar type are not obtained at low temperature in bismuth- 
activated strontium oxide and barium oxide, nor is the appearance 
of a new line group in the fluorescence spectrum of CaO produced by 
the incorporation of other metals than bismuth. It seems most 
plausible, therefore, to ascribe the emission of the iiC-band group to 
the ground state of the CaO crystal lattice which is somewhat distorted 
by the presence of bismuth atoms or ions. 



Fig. 199. Fluorescence spectra of CaO at - 190° C (Ewles). 
a : pure CaO. b : CaO with lO-^ % Bi. 


The activation of calcium oxide with antimony, lead, and cobalt 
gives rise only to the emission of broad and diffuse bands in the 
visible without affecting the u.v. bands of the F, G-group appreciably. 
In addition to these low temperature bands of the pure base material, 
CaO containing 10“^ % Mn .shows the typical red manganese band with 
its peak at 5965A on which a series of narrow lines (5685, 5755, 5840, 
5903,5970A) is superimposed. The u.v. fluorescence of calcium oxide 
at liquid-air temperature is completely suppressed by the addition of 
tungsten oxide [374J75)- 

163. Silicate Phosphors vSilicate phosphors have been relatively 
neglected, as long as long-lasting phosphorescence has been the 
principal subject of research, but lately they have attracted a good 
deal of interest.* However, a considerable number of rather confusing 
contradictions is still contained in the publications dealing with these 
phosphors. According to Fonda, “manganese is the strongest if not 

* This is due to the fact that silicate phosphors have proved to be especially 
u.seful in the manufacture of fluorescent screens and lamps. For this reason, a 
large part of the knowledge which may have been gained concerning their 
properties is still kept secret or is half hidden in numerous patent claims. 
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the only activator” of zinc silicate phosphors. Although some qualita* 
tivc data concerning the fluorescence of zinc silicate activated with 
various other metals can be found in the literature, ♦ manganese- 
activated silicate phosphors are treated almost exclusively in more 
recent papers {8y, 88a, 88b, 8g,ii6,igia,igib,22y,3gS, 400, 401, 446a, 44ya, 
6i5a,6i5c,686,6gi,6g2,6g4, 831, goya,go8, 1333, 1376, 1433, 1435). 

The preparation is similar to that of sulfide phosphors : mixtures 
of ZnO, SiOg, and small quantities of a manganese salt are fired to 
temperatures between 1000° and 1450° C. The rate of reaction is 
greatest at the highest temperatures, but can be increased at lower 
temperatures by the addition of a flux, especially a chloride which acts 
as catalyst in “dissolving the silicate barrier between the reacting 
particles.” The resulting base material is zinc orthosilicate, Zn2Si04, 
which may contain a considerable quantity of silica as “filling 
material” without impairing the luminescence, if the mixture consisted 
of Si()2 in excess of ZnO {400). 

While orthosilicate forms, in general, the base material of zinc 
silicate phosphors, phosphors can be prepared also with a meso- 
disilicate of composition ZnSigOg as base. Apart from a few decay 
curves obtained with manganese-activated phosphors of this type, 
no data concerning their specific properties are available. Moreover, 
a luminescent manganese-activated zinc metasilicate (ZnSiOg) has 
been mentioned lately; the orange emission band of the metasilicate 
is shifted to somewhat greater wavelengths as compared with that of 
the orthosilicate (peaks at 6600 and 6200A, respectively) [616, 

1335a) ^ 

Manganese-activated zinc orthosilicate phosphors exist in three 
different modifications with green, yellow, and red luminescence, 
respectively. Schleede and Gruhl were the first to show that each of 
the modifications can be obtained by adequate heat treatment and 
annealing and that they differ in their crystal structure as revealed 
by the x-ray patterns. These are clearly dissimilar for the “green” and 
“yellow” modification (a- and j8-orthosilicate). The hypothesis that 
the “yellow” phosphors consist of an amorphous complex of zinc 
oxide and silica mixed with cristobalite is contradicted by the x-ray 
patterns of Figure 170: the lines characteristic of the “yellow” 

♦ Ag, Bi, Tl, Mo, Ce, and Nd have been mentioned occasionally as activators 
of zinc silicate phosphors. In most cases their phosphorescence has been in- 
vestigated only with x-ray excitation. This is also true for the silicates of Mg, Ca, 
Sr, Cd, La. and Hg and the titanates and zirconates of Zn, all activated with 
neodymium. 
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phosphor are definitely different from those of cristobalite and of the 
“green” phosphor {400,1 sy 6X43 5)- Under normal conditions of 
firing and slow annealing the green modification is produced; it ex- 
hibits the strongest luminescence, the peak of the band lying near 
5250A (see Table 121). The best samples of the yellow modification 
are obtained by heating the mixture (2 moles ZnO and 2--6 moles 
vSiOg I- MnCy to 1450° C and cooling it rapidly. Yellow luminescent 
materia] can also be prepared by firing a mixture with SiOg in excess 
(2-4 moles SiOg per mole ZnO) for about 1 hour to 850° C in the pre- 
cence of a chloride acting as catalyst. However, phosphors which have 
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a 
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Fig. 200. Excitation and absorption spectra of zinc silicate phosphors. 


(a) Excitation spectra at different Mn-concontrations (Kro(?gtr): 1, at 

1 % Mn. 2, at 5 "o Mn. 

[b) Coincidence of excitation and absorption bands {Chiing} : 1 , absorption 
of natural willemite crystal. 2, absorption. 3, excitation of synthetic 


been prepared by this method yield a relatively weak luminescence 
and their x-ray patterns are very diffuse because the resulting crystals 
are small and far from perfect. The yellow band has its maximum 
at 5800A {446a, I 3y 6, 1433). 

Schleede and Gruhl were of the opinion that the red modification 
(peak of the band at 7100A) had a still different crystal structure, 
Rooksby and McKeag hold that the question is unsettled, while Fonda 
asserts that the earlier of the red fluorescence, which is never very 
strong, is an amorphous complex of zinc oxide with silica in excess of 
the quantity needed for the formation of the orthosilicate. The red 
modification is produced if the mixture containing silica in excess is 
heated to the temperature of fusion (1530° C) and quenched very 
rapidly to a temperature below 1100° C (446a). 

The three modifications have indentical excitation spectra, 
according to Schleede. The wavelength of the maximum of phosphor- 
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escence excitation which he finds at 2700A differs appreciably from 
the results of more recent authors (Figures 200a and h, also Table 109 
in Section 160).* The strong short wavelength absorption band of the 
orthosilicate drops to zero at 3000A. This long- wavelength limit is 
shifted in direction of greater wavelengths by the addition of man- 
ganese, and at high Mn-concentrations the selective Mn++ absorption 
bands between 3500 and 4500A become effective also in the excitation 
spectrum ( 831 ). 

Another controversial point is the optimum manganese concen- 
tration and the dependence of the fluorescence intensity on the 
concentration of the activating metal. The data of Table 121, taken 
from papers by three different authors, refer to room temperature and 
excitation with the Hg-line 2537A. Fpr excitation with the mercury 
line 3650A the optimum concentration is as high as 4 %, according to 
Ruettenauer, because at lower Mn-concentrations this line is too little 
absorbed, while for excitation by the neon resonance lines at 736/40A 
the Mn-content must not exceed 0.5 %. On the other hand, ZngSiO^ 
containing 20 % of manganese is excited to a very strong luminescence 
by the line 2537A, if the temperature is lowered to - - 180° C. 

The luminescence color of the “green” Zn 2 Si 04 {Mn) -phosphors 
varies with increasing manganese concentration from pure green to 
a more yellowish hue. This is caused partly by a shift of the peak of 
the band (Table 121) and partly to a slight rise in the relative in- 
tensity on the red side of the band. Considering similar effects observed 

Table 121 

Luminescence Intensity I of Zn2Si04-PHOSPHORS and Wavelength 

OF THE Band Peak as a Function of the Mu-Concentration 
(7 for optimum concentration — 100) 


Author i 

%Mn 

0.9t 

2 

4.5 

9 


Fonda 

/ 

100 

90 

44 

3 



A«(A) 

5290 

5310 

5350 

•— 


Leverenz 

% Mn 

1.0 


4.0 

8 

16 

and 

I 

100 


75 

55 

26 

Seitz 

L.(A) 

5230 


5260 

5300 

' 5315 

Ruetten- 

%Mn 

1.5 

3 

5 

7.5 


auer 

I 

100 

92 

84 

57 



* Except that in a paper by Beese the peak of the excitation spectrum is 
also given as 2700A. 

t Elsewhere, Fonda gives the even lower value of 0.4 % for the optimum 
concentration. 

Pringsheim 22* 
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in many other phosphors, these changes must be ascribed to changes 
in the lattice structure rather than to a loss of a part of the excitation 
energy of excited manganese atoms by collisions with neighboring 

manganese atoms as has been sug- 
gested occasionally. The establish- 
ment of temperature equilibrium in 
the excited state does not depend 
on the interaction with other Mn- 
atoms. The intensity increase on the 
long-wavelength side of the green 
band is due to the existence of an 
emission band of greater wavelength 
with a maximum at 6100A. This 
band has a very considerable in- 
tensity at — 180° C in the emission 
spectrum of the phosphors with 
high Mn-concentration (Figure 201). 
At — 253° C the luminescence spec- 
trum of a Zn2Si04(Mn) -phosphor 
is resolved into a number of nar- 
row bands, according to Randall 
(Table 122). 

The band shifts in the luminescence spectrum of Zn2Si04(Mn)- 
phosphors are connected with still another controversial problem. 
Zn2Si04 and Be2Si04 form mixed crystals of the phenacite type; 
beryllium does not function as an activator but enters the lattice of 
the base material in the same way as cadmium sulfide can be incorpo- 
rated in zinc sulfide. By adding beryllia to manganese-activated zinc 

Table 122 

Luminescence Bands of a Zn2Si04(Mn)-PHospHOR at — 253° C 
(Wavelength sin A) 


4000-5000 

strong continuous band 

5023 

sharp band edge 

5070 

weak narrow line 

5100 

weak narrow line 

5155 

strong line 

5220 

peak of strong band 

5320 

line of medium strength 

5900-6300 

weak band 

6100 

peak of band 



Fig. 201. Emission bands of zinc 
silicate phosphors (Kroeger; 
Leverenz). 

a : 5 % Mn, annealed (a- 
willemite). 6; 20% Mn at 
~180°C. c:10%, Beand5% 

Mn at room temperature. 
d'. 2% Mn, quenched from 
1600° C to room temper- 
ature (/3-willemite). 
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silicate, the lattice spacing is reduced and, simultaneously, the fluo- 
rescence color is altered from green to yellow and orange. This change 
in color has been interpreted as a steady displacement of one and the 
same band caused by the variation of the lattice spacing, in complete 
analogy with the similar effect obtained with mixed Zn,CdS-phosphors. 
Kroeger showed, however, that also in this case the peaks of the in- 
dividual bands undergo only minor shifts and that the main color 
change is due to the changes in the relative intensities of several bands 
which are characteristic of the Mn++-ion. Addition of beryllia and 
lowering the temperature is supposed to favor the predominance of the 
long-wavelength band at 6100A. This opinion is confirmed by curve 
h and curve c of Figure 201, which show clearly the superposition 
of two bands with unequal relative intensities. Similar intensity 
distributions with secondary maxima have been obtained by other 
authors in the luminescence spectra of mixed (Zn, Be)2Si04-phosphor. 
With a phosphor of this type at — 190° C, Randall obtained a fluo- 
rescence spectrum consisting of a broad band of medium strength with 
a peak at 5300A and a strong narrow band at 5920A. Pure manganese- 
activated beryllium orthosilicate exhibits no appreciable luminescence 
at room temperature [40i,6i^a,83i,goya,go8,i333). 

Manganese-activated silicate phosphors in which a part of the 
zinc is replaced by titanium or zirconium have been prepared. Their 
luminescence is, in general, weaker than that of the pure Zn2Si04(Mn)- 
phosphors, the emission bands are broader, and the color of the 
luminescence varies greatly according to the exact composition of the 
base material, the excess of silica, and the heat treatment. Phosphors 
with a greenish-yellow emission band (peak at 5370A) are obtained 
by replacing a part of the zinc silicate by zinc germanate in the 
mixture {go8). 

Pure magnesium orthogermanate (Mg2Ge04) can be activated 
with manganese; its photoluminescent efficiency is increased 500 
tihies if the germanate is crystallized with an excess of magnesium 
oxide. The emission spectrum shows, superimposed on a continuous 
background which extends from 5100 to.6700A, two very pronounced 
narrow peaks and two secondary peaks which are separated from each 
other by intervals of about 90A (1842a), 

No data concerning mixed zinc-cadmium silicate phosphors are 
available ; cadmium seems to be the only metal M mentioned in, this 
section which does not easily form orthosilicates of the type M2Si04. 
If pure cadmium metasilicate (CdSiOg) is activated with manganese, 
it yields a phosphor with an orange-red luminescence. The emission 
Pringsheim 22 
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band has its peak at 6050A and the excitation spectrum is similar 
to that of the Zn 2 Si 04 (Mn) -phosphors, but with a conspicuous second- 
ary maximum at 3100A. The luminescence spectrum of Mn-activated 
magnesium metasilicate at — 180° C consists of diffuse bands at 
4450 and 5250A and a number of relatively narrow lines in the red 
between 6100 and 7000A, among which a line at 6410A is by far the 
strongest. At room temperature manganese-activated MgSiOj ex- 
hibits a red or even deep red luminescence with peak wavelength 
varying between 6400 and 6800A. Similarly the luminescence band 
of CaSi 03 (Mn) varies from yellow-green to orange with peak wave- 
lengths between 5600 and 6100A. The luminescence of all conTpounds 
mentioned in this paragraph is relatively weak — much weaker than 
that of Zn 2 Si 04 (Mn) (G, goya). 

As the last silicate which is luminescent because manganese is 
one of its components pure manganese orthosilicate must be listed. 
Its emission spectrum, which has been observed only at liquid-air 
temperature has its intensity maximum at 6700A, the color of the 
fluorescence being a deep red. 

A mixed calcium-strontium metasilicate activated with europium 
emits a violet luminescence when excited by near u.v. The emission 
band is rather narrow (4000-4700A) and has a peak at 4300A ; this 
luminescence, with a spectrum differing so widely from that of other 
europium-activated phosphors and pure europium salts, must probably 
not be ascribed to the trivalent . europium ion but to some other 
modification of the rare-earth metal (G). 

164. Halide Phosphors. Pohl and his collaborators have perfected 
a technique by which large single crystals of all alkali halides (with 
the exception of the fluorides) are obtained. In principle, the method 
consists of a very slow cooling of the fused salts. If a small quantity 
of the salt of a heavy metal is added to the melt, a fraction of the 
impurity is incorporated in the crystals, causing the appearance of 
selective bands in their absorption spectra. The crystals are excited* to 
luminescence by' light absorption in these bands. The quantities of 
impurities added to the melt vary between 10"~^ and 1 % molar, but 
generally less than 10 % of these impurities enters the matrix lattice, 
as was shown first by measuring the total absorption of light in the 
new bands and later by direct chemical analysis. The data given in the 
original papers and in the following paragraphs refer to the quantities 
of activator metal added to the melt { 158 , y 8 y,ygoa,ygob,ygi, 1248 ). 

Bandow produced a number of sodium chloride phosphors by 
introducing ions of silver, copper, tin, and lead into the crystals 
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electrolytically at temperatures between 380° and 600° C. At the 
higher temperatures the activation may be due, at least partially, to 
a pure diffusion process ( 52 ). 

Finally, very luminous microcrystalline KCl(Tl)- and KBr(Tl)- 
phosphors can be obtained by crystallization of the salts from boding 
saturated aqueous solutions of the potassium halides and thallous 
halides. By this method much higher concentrations of the activating 
metal can be attained; if the solution is decanted from the first crystals 
which are deposited, their thallium content can be as high as 2 % 
molar. Phosphors prepared in ^his way have, in the main, the same 
absorption and emission spectra as the single crystals obtained from 
the melt {I 2 g 3 a,i 2 g 3 b). 


Table 123 

Alkali Halide Phosphors of Which the Absorption 
Spectra Have Been Investigated 



The phosphors listed in Table 123 have been investigated with 
respect to their absorption spectra.* In pure alkali halide crystals, 
light absorption becomes appreciable only in the far u.v. (in the 
crystals of chlorides and bromides, not above 2000 A). The phosphors, 
on the other hand, exliibit several selective absorption bands in the 
region of greater wavelengths. For most of the tin-activated phosphors 
only the “excitation spectra” were observed. However, the absorption 

* Alkali halides containing “F-centers" might have been included in this 
list, since they are luminescent and can be prepared “additively" by heating the 
crystals in vapor of the corresponding alkali metal. However, the luminescence 
of alkali halides containing F-centers has been investigated exclusively in 
samples which owed their coloration to a preceding irradiation with x-rays or 
radium rays, and it is treated, therefore, in a later section, together with similar 
phenomena obtained with other compounds. 
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spectra which were actually investigated (Figure 202) coincide in all 
details with the corresponding excitation spectra, so that the same 
'assumption can be made for the others. The two band groups ap- 
pearing in these spectra suggest a complete analogy with the two peaks 
characteristic of the Tl-activated phosphors (lower and upper row of 
Figure 202). Hueniger and Rudolph assert, however, that by light ab- 
sorption in the short-wavelength groups, also, only fluorescence, and 



2000 2500 3000 2500 3000 3500 3000 3500 

Fig. 202. Absorption bands of Tl- and Sn>activated 
alkali halide phosphors (Forr6, Hueniger, and 
Rudolph). 

a: KCl(Tl) ‘ d\ KCl(vSn) 
h \ KBr(Tl) KBr(Sn) 

c: NaBr(Tl) /: Kl(Sn) 

no phosphorescence, of the tin-activated phosphors is excited [640). 
A single band at 2460A has been observed in the absorption spectrum 
of the NaCI(Ni)-phosphors {{iigi). In passing from the chlorides to 
the bromides and iodides, the whole system of absorption bands is 
shifted to greater wavelengths. The nature of the alkali metal in the 
base material is of much smaller influence (Figure 202 and Table 
124). 

With decreasing temperature, the absorption bands become 
sharper and many of those which seem to be simple at room tempera- 
ture split into several components. Simultaneously, the peaks of the 
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Table 124 

Peaks of the Absorption Bands of Thallium-Activated 
Alkali Halide Phosphors 
(Wavelengths in A) 


Halide 

Alkali 

Na 


Rb 

Cs 

Cl 

1990; 2540 

1950; 2475 

1950; 2450 

1960; 2480 

Br 

2160; 2670 

2100; 2610 

2120; 2590 

2140; 2630 

I 

2340; 2930 

2360; 2870 

2400; 2860 

2410; 2690; 2990 


bands are shifted to shorter wavelengths, as is shown for one of the 
KBr(Tl)-bands in Fig. 203 {4og-~4ii,6i6,6iy,ygi,g5y,g6y,i5i3,iy2ya). 



2400 2700 3000 A 


Fig. 203. The long wavelength 
absorption band of a KBr(Tl)- 
phosphor at various temper- 
atures [Lorenz (957)]. 



Fig. 204. Absorption bands 
of T1 in alkali halide phos- 
phors and aqueous alkali 
halide solutions. 

1 : TICl in concen- 
trated KCl-solution. 

2 : KCl(Tl) -phosphor. 

3 : TlBr in concen- 
trated KBr-solution. 

4: KBr{Tl) -phosphor 


It has already been mentioned that the absorption bands of the 
phosphors coincide with those of the complexes which are formed in 
concentrated aqueous solutions of halides containing small quantities 
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ofTl+-, Ag+-, Pb++-, and Sn++“ions (Figure 204). This coincidence 
obviously suggests the hypothesis that the carriers of the absorption 
are the same in both cases. If the concentration of the activating metal 
in the crystals exceeds 0.5 %, the bands become very diffuse and the 
short -wavelength bands merge into a continuum stretching with in- 
creasing intensity to the Schumann u.v. [ 448 , 44 ^, 

The data concerning the emission spectra of alkali halide phos- 
phors are much less complete; most of them refer to the thallium- 
activated salts : the chlorides of K, Na, and Rb, the bromides of K and 
Na, and the iodide of K. The chlorjdes exhibit a single band in the 
neighborhood of 3000A; the luminescence band of the bromide 



3000 4 000 A 3000 4000A 3000 4000A 

o b c 

Fig. 205. Emission bands of a KBr(Tl) -phosphor at various temper- 
atures (von Meyeren). 

phosphors is broad and has two peaks, the intensity distribution being 
greatly dependent on the temperature (Figure 205); the emission 
spectrum of the K I (Tl) -phosphor consists of a diffuse band with its 
peak at 4150A ( 1024 ). 

The emission spectrum is shifted in the direction of shorter 
wavelengths with decreasing molecular weight of the cation in the 
matrix lattice (Table 125). In a KCl(Tl) -phosphor containing a high 
concentration of thallium (1.6% in the melt) Buenger observed an 
emission band in the visible region with its peak at 4700A, in addition 
to the u.v. band. The complete emission and absorption spectrum of 
this phosphor (including the “excited” absorption) is reproduced in 
Figure 192. The spectra of fluorescence and phosphorescence are always 
identical and independent of the wavelength of the exciting light ( 6 x 7 ) . 

The long-wavelength emission bands appear with far greater 
intensity in the thallium-activated KCl- and KBr-phosphors of high 
Tl-concentration, which are prepared by crystallization from aqueous 
solutions. In the phosphors containing the highest thallium concen- 
tration the visible fluorescence is as bright as that of good sulfide 
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^ Table 125 

Peaks of Fluorescence Bands of Alkali Halide Phosphors 
(Wavelengths in A) 


Activator 

Halide 

Alkali metal 

' Li 

Na 

K 

Rb 

NH, 


Cl 



2980 

2980 

3150 

— 

T1 

Br 


2950 

3180 


— 


I 1 

— 

— 

4150 

— 

— 

" 'H ■ ' 

Cl 

— 

4400 

4900 

i 5100 

— 

Sn 

Br 

— 

4600 

’ 5100 

5350 

— 


I 

5200 

5300 

5500 

5650 

5950 

Ni 

Cl 

— 

6230 

1 : 

— 

— 


Table 126 

Fluorescence of Potassium Halide Activated 
WITH Antimony (Schleede) 


Activator 

Alkali halide 

KF 

KCl 

KBr 

KI 

SbF, 

none 

weak red 

weak 
dark red 

none 

SbClg 

weak yellow 

bright yellow ! 

j 

weak 

orange-red 

deep 
dark red 

SbBrg 

weak 

orange -red 

weak 

brick-red | 

weak 
dark red 

deep 
dark red 

Sbl, 

none 

none 

none 

none 


phosphors. The fluorescence color is blue for KCl and blue-green for 
KBr, if the Tl-content is still relatively low. With increasing thallium 
concentration, the emission spectrum, which seems to consist of 
several bands, stretches more and more towards the red and the color 
of the fluorescence turns into a yellowish white, if the spectrum of the 
exciting light covers the whole width of the first absorption band (see 
Figure 202). With monochromatic excitation, however, only the 
“normal’' blue or blue-green part of the fluorescence bands is emitted, 
if the wavelength of the exciting radiation corresponds to the center 
of the first absorption band; nothing but the long-wave part of the 
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luminescence spectrum appears if the lin^s of the exciting light are 
displaced with repsect to the center of the absorption band in the 
direction either of longer or of shorter wavelengths. Thus, the inten- 
sity distribution in the emission spectrum is different for excitation 
by each of the mercury arc lines between 2300 and 3 132 A. It seems 
that there are at least two sorts of centers with different absorption 
or excitation spectra and different emission spectra. The excitation 
band of the first is relatively narrow ; it coincides with the fluorescence 
excitation band of the phosphors at low thallium concentration, and 
the corresponding emission spectrum consists of the short-wavelength 
band. The excitation band of the centers of the second type is much 
broader and flatter, stretching at least from 2300 to 2800A, and the 
emission bands of these centers lie in the region of greater wavelength 
{I2g3aj2g3h). 

While the absorption spectra of the tin-activated phosphors have 
a relatively complicated structure, their fluorescence spectra consist 
of a single symmetrical bell-shaped band in the visible and are in- 
dependent of the wavelength of the exciting light. The color of the 
fluorescence of the NaCl(Ni) -phosphor is red (Table 125) [640,11^1), 

Table 126 lists the colors and intensities of the fluorescence of 
potassium halide phosphors activated with antimony. Not only can 
such phosphors be prepared by grinding potassium halide crystal 
with small quantities of antimonous halides in a mortar (Section 153), 
but even when a grain of antimony trichloride is dropped into finely 
ground potassium chloride powder, a bright halo of yellow fluorescence 
surrounding the grain appears under u.v, irradiation (1432b). 

LiCl and NaCl could not be made luminescent by the addition of 
SbClg, while RbCl behaved very nearly like KCl, the fluorescence of 
the resulting luminophor being of a yeUowish-green color. CsCl, which 
is not activated with antimony by contact, shows a greenish fluo- 
rescence, when the mixture has been heated to 400° C, but loses its 
luminescence power again after a few weeks. When ammonium chlo- 
ride is activated with antimony by the contact method, it exhibits 
a weak orange fluorescence. 

The fluorescence of RbCl(Sb), CsCl(Sb), and NH 4 Cl(Sb) is greatly 
enhanced at the temperature of liquid air and the wavelength of the 
emission band is shifted somewhat toward the red. Even cesium 
chloride, which is not fluorescent at room temperature, after having 
been mixed in a mortar with antimony trichloride becomes strongly . 
luminescent when it is cooled to liquid-air temperature. The excitation 
spectra of these phosphors lie in the u.v. below 3000A and the peaks 
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of the excitation bands coincide with peaks in the absorption spectra. 

Manganese-activated alkali halides and their photosensitization 
by the addition of lead has been mentioned in Sections 157 and 158. 
Such ^NaCl(Mn,Pb)-phosphors with a strong reddish fluorescence are 
obtained easily by crystallization from aqueous NaCl solutions con- 
taining a few per cent of manganous nitrate and plumbous chloride. 
Although Kato describes also the behavior of KCl(Mn) -phosphors, 
these cannot be prepared by the same simple method. The absorption 
spectrum of the NaCl(Mn,Pb)-phosphors shows the band at 2730A 
characteristic of NaCl(Pb)-phosphors, but with a secondary maximum 
at 2600A which is missing in Hilsch's photometer curves and which 
probably is due to a complex containing the Mn ion as well as the Pb 
ion. The fluorescence is excited by light of all wavelengths between 
2000 and 3000A, but not by near u.v. A short afterglow (r ~ 10~^ sec) 
is observed in a Becquerel phosphor oscope, but no long lasting 
phosphorescence is emitted {6i6,y32a,iog4a). 

If europium trichloride at a concentration of 1 % is added to the 
solutions of alkali* halides (the chlorides, bromides, and iodides of 
potassium and sodium) and these are evaporated, the resulting 
crystals exhibit some of the strong Eu+'^+* lines between 5900 and 
6200A as fluorescence under near u.v. excitation. By heating the 
crystal to temperatures between 200 and 300® C, the Eu+++ ions are 
converted into Eu++ ions, and instead of the orange lines a broad blue 
band appears in the fluorescence spectrum. The peak of this band 
varies only slightly for the different halides — from 42 70 A for KCl 
and KBr, to 4450 for Nal (jjo 9 ,ijjj). 

A few qualitative observations have been published concerning 
the emission spectra of NaCl-phosphors activated with silver, copper, 
and lead by the method of electrolysis. The spectrograms show a 
strong band with intensity maximum at 3500A in all three cases ; in 
the silver-activated phosphor an additional u.v. band at 2500A, 
and in the silver- and lead-activated phosphors a visible band in the 
violet region have also been obtained (52). 

If layers of alkali halides arc prepared by distillation in a high 
vacuum and an invisible thin film of a heavy metal is distilled on top 
of the alkali salt, some of the films emit a visible fluorescence when 
they are irradiated with u.v. light of wavelengths below 3000A. These 
“surface fluorescence” spectra do not seem to be closely related to 
those of the alkali halide crystals activated with the same metals. 
Table 127 lists all examples of this type which have been observed. 
In the combinations marked 0 no results could be obtained. The results 
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. Table 127 

“Surface- Activated” Alkali Halides 


Alkali halide 

Activating metal 

Ca 

T1 

Pb 

Bi 

dd 

Color of luminescence 

NaCl .. .. 

violet 



0 





NaBr . . . . 

— 

blue 

— 

0 

— 

KBr .. .. 

— 

violet 

— 

— 

— 

Nal .... 

violet 

violet 

yellow 

violet 

green 

KI .... 

— 

violet 

— 

— 

— 

Csl .... 

yellow 

yellow 

green 

— 

“ 


were always negative with Na, Zn, and Ag as activators and with 
AgCl, Agl, and CuCl as base materials. The iodides activated with T1 
yield the strongest luminescence. A few schematic curves for the ex- 
citation and emission spectra are reproduced in Figure 206 (1641). 

The finished “surface-layer 
phosphors” can be exposed to 
atmospheric air and even to 
iodine vapor without losing their 
luminescence. However, if the 
alkali salt surface is exposed to 
air before the metal film has 
been applied, it cannot be made 
fluorescent by a subsequently 
deposited metal film. The surface 
of a macroscopic halide crystal 
acquires the fa culty of becoming 
luminescent only if it is tho- 
roughly heated in vacuo before 
it is covered with a metal film. 
Apparently the atoms of the activating metal are incorporated in the 
surface of the salt only if the surface is quite free of adsorbed gases, 
and under these conditions they are so closely bound in the surface 
layer that they are not attacked by oxygen or iodine vapor. 

In -some cases alkali halide crystals were found to emit phosphor- 
escence spectra which were of the type of molecular band spectra. 
They were ascribed, at first, to the presence of and ?7-centers,”* 
but it could be shown later that they originate from oxygen and 

* Concerning F-centers, see Section 156; t/-centers are now known to be 
due to the presence of alkali hydrides in the crystals (6x9). 



5000 4000 3000 2000 cm-' 


«xcitation emission 

Fig, 206. Excitation and emission 
bands of surface-activated alkali 
halides (Terenin). 
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carbon monoxide molecules which have entered the crystal lattice 
(628,1377). 

The bands due to CO appear in the emission spectra of alkali 
halides if these have been heated to a temperature 50° below the melt- 


w V rr m 2[ I 



Fig. 207. Schematic representation of the emission spectra 
of CO-activated alkali halide phosphors (Honrath). 


ing point in an atmosphere of carbon monoxide at high pressure and 
in the presence of the corresponding alkali metal vapor. F'-centers 
which are formed simultaneously under these conditions can be driven 
out by a subsequent heat treatment; 
if this heat treatment is prolonged in 
a high vacuum, carbon monoxide is 
evolved and the luminescence is des- 
troyed. The luminescent layer has a 
depth which never exceeds 1 mm. 

The emission spectra consist mainly 
of progressions of live or six narrow 
doublets between 3700 and 6000A, 
which are represented schematically in 
Figure 207. The average spacing be- 
tween the doublets is Jv ~ 2000 cm~^; 
the distances between the components 
of each doublet vary through the pro- 
gression in different manners for the 
different phosphors, and while in some 
cases the doublets become so narrow 
that they cannot be resolved, their 
width corresponds in other cases to as 
much as 400 cm"^. The three bands of 

shortest wavelength (/-/// in Figures 207 and 208) are always much 
stronger than the others. Overlapping the last bands of the main 
progression S, a second similar progression L follows in the direction 



Fig. 208. Luminescence 
spectrum of a CO-activated 
KCl-phosphor (Roos). 
a\ luminescence during 
the excitation, h: after- 
glow 0.25 sec after the 
end of the excitation. 
c • phosphorescence 1 sec 
after the end of the exci 
tat ion. 
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of shorter wavelengths with a somewhat smaller spacing (Jr ~ 1850 
cm~^). While both systems decay exponentially, the progressions 5 
and L differ widely in respect to their persistence in the afterglow. 
During the primary irradiation and even 0.5 sec after the end of the 
excitation, the bands belonging to the system 5 are far stronger than 
the others, but 4 sec later the D-bands alone remain visible (Figure 
208). Temperature influences the rate of decay very little in both cases. 

An understanding of the origin of the luminescence of Og-acti- 
vated alkali halides was hampered for some time by the fact that such 
phosphors are formed under various apparently unrelated conditions. 
Crystals with the same emission spectra can be prepared by addition 
of oxygen compounds such as KgO, KNO3, and NaOH to the melt, by 
conversion of chlorates, bromates, and iodates to the corresponding 
halides,* and by heating the halide crystals in an Og-atmosphere to a 
temperature close to the melting point. In the latter case the evolved 
halogen vapors must be flushed out of the chamber in order to prevent 
a back reaction. The materials prepared by every one of these methods 
are uniformly luminescent throughout the entire crystals. 

At room temperature the emission spectra consist of sequences 
of nearly equidistant diffuse bands which resolve into several narrow 
components at — 253 C (Figure 209). The small influence of the base 
material on the structure of the spectra is surprising. Since the main 
spacing J v ~ 1000 cm“^ recurs in all instances, it is very improbable 
that the ions forming the alkali halide lattice are directly involved in 
the nuclear oscillations corresponding to this frequency difference. 


Table 128 

Spacings Av in the Band Progressions of Og-AcxiVATED 
Halide Phosphors 


Halide 

NaCl 

1 ■' KCl 

1 KBi- 1 

KI 

A V in cm“^ . 

1022 

1 1008 

1 982 } 

998 


The fine structures which appear at low temperatures are slightly 
more dependent on the nature of the base material. The bands of the 
KBr-phosphor split into four nearly equidistant components (3 p ~ 
140 cm~^) ; each of the bands of the KCFphosphor is resolved into two 
bands which are still rather diffuse and probably represent unresolved 
doublets. At the low temperature of — 253° C even the small frequency 
differences S v characterizing the fine structure cannot correspond to 

* This method yields only microcrystalline material. 
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energy levels of the excited state, but must be ascribed, as well as the 
spacings of 1000 cm“^, to the ground state of the phosphor. All these 
frequencies, including those in the spectra of the CO-activated halides, 
are of the order of magnitude occurring in the vapor spectra of mole- 
cules which contain oxygen as one of their constituents ( 628 ). 



Fig. 209. Luminescence spectra of oxygen-activated alkali halides 

(Honrath). 


Only at few qualitative data have been published concerning the 
luminescence spectra of metal halides other than the alkali halides. 
AgCl exhibits a strong blue fluorescence when it is irradiated with near 
u.v. at — 180'^ C. It is doubtful whether this luminescence is to be 
ascribed to the ‘‘puie” salt ; certainly it does not originate from one of 
the impurities listed in Table 129, since these give rise to the emission 
of different fluorescence bands and suppress the fluorescence of the 
“pure” compound. The fluorescence of “pure” TlCl is also light blue; 
if manganese is incorporated in TlCl, a strong red phosphorescence can 
be excited, even at room temperature. “Pure” CuCl is excited by near 
u.v. to emit a green-blue fluorescence (5100-5900A) at temperatures 
between — 110° and 150° C, while at lower temperatures the fluo- 
rescence color is red. The red fluorescence of pure MnClg and MnBpg and 
the fluorescence of the Mn- and Pb-activated Cdig “layer lattice 
phosphors” have already been mentioned in preceding sections. These 
layer lattice phosphors can be prepared not only by heating the 
mixtures of Cdig and Mnig or Pbig, respectively, but it is sufficient to 
grind the components together in a mortar [ 8 ^ 5 , 1332 , 1333 ), 


Table 129 

Fluorescence Bands of AgCl at — 180° C 


Activator 

j '‘pure” salt 

1 Mr 

1 Mn 

1 Pb 

Peak of band in A | 

5150 1 

5900 

5700 

6100 
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Hueniger and Rudolph mention that some of the alkaline earth 
halides activated with tin are brilliantly luminescent ; in their paper, 
the excitation spectrum of a Cal 2 (Sn) -phosphor is shown to be very 
similar to that of the K I (Sn) -phosphor (Figure 202), but no data 
concerning the luminescence spectra have been published [640). 

Luminescent calcium fluoride activated with various metals has 
been prepared srathetically, but most observations related to these 
compounds have been performed with natural fluorites, and they are 
treated, therefore, in the sections dealing with minerals. However, 
a chromium-activated lithium fluoride phosphor which has been 
prepared by Tiede may be mentioned here. It is exceptional insofar 
as its emission spectrum consists of a broad green band, while the 
fluorescence spectra of chromium in other base materials is charac- 
terized by a series of narrow lines and bands in the orange and red 
{1665). 

Numerous manganese-activated fluoride phosphors such as 
ZnF2(Mn); MgF2(Mn); Zn,MgF2(Mn); Zn,CdF2(Mn); Zn,CaF2(Mn); 
etc. — and columbium-activated zinc fluoride seem to have been 
investigated with respect only to their cathodoluminescence [1842a). 

165. Phosphors with Various Base Materials. Although the number 
of impurity-activated crystal phosphors might be increased indefinite- 
ly, phosphors, the physical properties of which have been thoroughly 
investigated, are not too numerous outside of the groups treated in 
the preceding sections. Borate and phosphate phosphors, particularly 
zinc and cadmium borates and phosphates, have found increasing 
application for industrial purposes, but the scientific publications 
dealing with their properties are scanty. Most of these phosphors 
apparently are also activated with manganese. The broad emission 
band of a CdBgOglMn) -phosphor has its peak at 6230A, the color of the 
luminescence being pink. In the fluorescence spectrum of manganese- 
activated zinc borate a green or a red band prevails, depending on the 
heat treatment which is applied during the preparation of the 
phosphor. With cathode-ray excitation of this latter phosphor at 
— 180° C, Randall obtained numerous narrow bands between 5280 
and 6100A, among which two bands in the green (5315 and 5365A) 
had by far the greatest intensity’*' (131a, gy8, 1333, X651). 

Three other modifications of cadmium borate: CdB 204 , CdgBeOu, 

♦ Engle and Hopkins have prepared calcium phosphate phosphors acti- 
vated with Mo, Er, La, Y, Nd, Sm, and Cu, with luminescence colors varying 
between blue, green, and pink; these experiments were performed exclusively 
with cathode -ray excitation ( 364 ). 
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and CdgBgOe containing manganese as activator cannot be excited by 
light of wavelength between 3000 and 2000A, but a faint excitation 
of a green fluorescence is obtained by irradiation with light of a narrow 
region in the near u.v. which corresponds to the characteristic ab- 
sorption bands of the Mn++ ion. This green fluorescence is excited with 
much greater intensity by irradiation with x-rays and cathode rays 
{131a). 

Photoluminescent manganese-activated cadmium pyrophosphate 
(Cd2P207) and cadmium chlorophosphate [3Cd3(P204)2*CdCl2], and 
calcium orthophosphate activated with dysprosium have been men- 
tioned occasionally. If cerium-activated calcium phosphate is heated 
in a carefully controlled reducing atmosphere so that all the cerium 
present is in the form of cerous ions (Ce++), the emission spectrum 
consists of a broad band with a peak at 3600 A and stretching from 
3200 to 4400A. A phosphor with pure u.v. emission is obtained by 
activating calcium phosphate with thallous ions. In this case the peak 
of the emission band lies at 3200A and the band extends from 2600 
to 4000A. The excitation spectrum begins at 2800A, has a first peak 
at 2450A and a second peak far in the u.v. Under excitation with the 
light from an aluminum spark the phosphor emits an afterglow which 
can be followed through about 10 minutes; irradiation with the Hg- 
line 253 7 A seems to excite only fluorescence. The thallium concen- 
tration is not critical ; optimum efficiency is attained at about 2 % 
thallium added to the base materia). Zinc phosphate activated 
with lead and manganese emits a greenish-yellow phosphorescence 
after excitation with radiation of 2537A, while the luminescence 
stimulated with infrared (peak response at 1.15^) has a more purely 
yellow color { 228 a, 446 c, I 02 ga, 13 J 5 a), 

A few qualitative data concerning a different type of phosphate 
and borate phosphors are contained in a patent claim. The base 
materials of these phosphors are the phosphates and borates of the 
alkali and alkaline earth metals and of zinc, cadmium, aluminum, and 
lanthanum ; they are activated with silver, thallium, tin, or lead at 
relatively high concentrations, up to 30% molar; the optimum 
concentrations lie between 3 and 7 % without being critical* Only the 
color of the luminescence, in most cases between blue-violet and blue- 
green, is given: it is characteristic of the activator and practically 
independent of the nature of the base material. Manganese itself is 
not a good activator, but addition of manganese phosphate or borate 
to the base material in concentrations as high as 40 % shifts the emis- 
sion bands which are characteristic of another activator (for instance, 
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silver or lead) toward greater wavelengths, so that the color of the 
luminescence is changed to orange and even to red. Nothing has been 
published concerning the duration of the phosphorescence, the type 
of the decay curve, and the excitation spectrum, beyond the fact that 
the luminescence can be excited by u.v. radiation.* 

Aluminum oxide and nitride, the magnesium-titanium spinel 
Mg 2 Ti 04 , beryllium nitride, boron nitride, and silicon bisulfide have 
been used as base materials of crystal phosphors and each of them has 
characteristic properties which are not found in other materials. 

If aluminum oxide is activated by a metal the sesquioxide of 
which crystallizes in the corundum lattice, the crystals are fluorescent 
but not phosphorescent; the luminescence bands are narrow and are 
all located in the long- wavelength region, as shown in Table 130. The 
duration of the slow fluorescence can be observed phosphoroscopically 
and is nearly independent of temperature. The luminescence of crystals 
activated with gallium and iron is weak.f In contrast to these “fluo- 
rophors,” the compounds listed in the last column of Table 130 are 
real phosphors. The afterglow of the Pt-phosphor is “frozen in“ 
below — 2° C. If the phosphor is excited at a temperature below 
this limit, the green emission begins to appear when the temperature 
is raised subsequently to more than — 2°. After complete decay of the 
phosphorescence at this temperature, the emission is started a second 
time by raising the temperature to 87° C. Similarly, the red phosphor- 
escence of manganese-activated aluminum oxide is “frozen in” at 


Table 130 

Aluminum Oxide Fluorophors and Phosphors 
(Emission bands in A) 


Fluorophors . j 

j Phosphors 

Activator 

Peak of 
band 

Activator 

Peak of 
band 

Activator j 

Band 

1 Limits j 

Pei 


6935 


6200 

TiO^ 

4000-6000 

5100 

P^h 203 

6500 

I''e2^3 

6100 

Pt 

4200-6700 

1 5500 

Ti 203 

6400 

V 2 O 3 

6000 

Mn j 

5050-7{ 50* 

6000 


* According to Randall, at — 180° C, band maxima at 4275, 5100, and 6240A. 


♦ United States patent 2,270,124. This is a typical example of the knowledge 
provided by most patent claims. 

t Cr-activated AlgOg is treated in Section 171, together with other Cr- 
activated crystals. 
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— 70° C and is released in two stages, the first beginning at — 70° and 
the second at -f 12° C. Apparently, the electron traps have two 
sharply separated energy levels in either phosphor. While the quantity 
of activator which can be incorporated in the “fluorophors” is re- 
latively great and may reach 2 %, the concentration of platinum and 
manganese in the aluminum oxide phosphors does not exceed the order 
of magnitude of 10"“^% {i6yoj6yi). 

While the luminescence of normal manganese-activated AI2O3 
(like the orange and green emission bands of numerous manganese- 
activated phosphors mentioned in previous sections) must be ascribed 
to the presence of divalent Mn++-ions, aluminum oxide prepared under 
oxidizing conditions and containing small quantities of manganese 
exhibits, under near-u.v. excitation, a fluorescence of a different 
nature. Its emission band between 6500 and 6800A has a characteristic 
fine structure. Fluorescence spectra of the same type were obtained 
with the manganese-activated aluminates of tin, magnesium, and 
strontium, and with magnesium orthotitanate (MggTiO^), when they 
also were prepared under oxidizing conditions. These spectra resemble 
closely those characteristic of the same base materials activated with 
tri valent Cr++"*' which are discussed in the following section. The 
analogous bands are shifted somewhat in the direction of shorter 
wavelengths, due to the higher charge of the Mn-nucleus: Cr+'' + is 
isoelectronic with Mn^+, both having three 3^/-electrons in their outer- 
most shells. Thus it seems very probable that the new luminescence 
bands of Mn-activated AlgOg are due to the presence of quadrivalent 
manganese in the phosphor (Figure 2\0a) {833I). 

If aluminum oxide is fired together with small quantities of the 
oxides of chromium and manganese, it yields an Al203(Mn)-phosphor 
showing no trace of red ruby-fluorescence. If, on the other hand, 
chromium-activated corundum and manganese oxide are fired to- 
gether, the latter is incorporated as a second activator and the crystal 
emits a strong manganese phosphorescence band at 5260A in addition 
to the narrow chromium lines characteristic of ruby. 

In a mixture of AlgOg and TigOg heated to 1350° C in the presence 
of atmospheric air, titanium sesquioxide is converted to Ti02. This 
oxide is no longer isomorphous with corundum; thus, a phosphor ex- 
hibiting a green phosphorescence is formed instead of the fluorophor 
with its characteristic red fluorescence (i6yo). 

Tiede found the spinel Mg2Ti04 to be photoluminescent when it 
is activated with Mn, Cr-activated Mg2Ti04 responds only to cathode 
rays. All other metals (e.g., Cu, Ag, Bi) are ineffective. Mn is incor- 



632 


CRYSTAL PHOSPHORS 


porated isomorphously in the small crystals obtained by firing a 
mixtuie of TiOg and MgO at 1200° C. The excitation spectrum of 
MgTi04(Mn) in the near u.v. has peaks at 3180, 3400 and 3850A. The 
single narrow fluorescence band at 6558A is apparently identical with 
peak B in curve 1 , Fig. 210a; it shows no afterglow and is not affected 
by temperature in the range from -f 30 to — 190° C. Only material 
fired in the presence of Og shows the fluorescence ; spinels prepared in 
an Ng-atmosphere are nonluminescent. This agrees with Kroeger*s 
assumption respecting the state of oxidation of Mn in the luminophors 
mentioned on page 631 {Sssf j6yoj685). 



lug. 210^. Fluorescence spectra of Mg 2 Ti 04 
activated (1) with and (2) with 

(Kroeger, Deiitschbein). 


Manganese-activated phosphors with mixed base materials of the 
spinel type, such as ZnA404, ZnGa204, and CdAl204 have also been 
prepared. Their green emission bands with peaks varying between 
5060 and 5470 A are relatively weak. The fluorescence spectrum of a 
mixed CdAl204-phosphor activated with chromium exhibits a diffuse 
double band with a weaker peak at 4950 A and a stronger peak at 
5890 A {goya). 

A blue phosphorescence lasting about an hour can be excited in 
beryllium nitride containing traces of aluminum {1411). 

Phosphors with boron nitride and silicon sulfide as base material 
differ from other phosphors insofar as they owe their luminescence to 
traces of carbon and cannot be activated by any of the metals which 
generally are effective in phosphors. Pure boron nitride and silicon 
sulfide are not luminescent. Carbon-activated boron nitride phosphors 
exhibit three independent emission bands (a, and y in Figure 2106 ) 
which appear at different temperatures and are excited by light of 
different wavelengths. In general, the yellow-green band a predomi- 




PHOSPHORS WITH VARIOUS BASE MATERIALS 


633 


nates, but at temperatures above 120° C it gives way to the violet 
band P; the red band y is always relatively weak. The duration of the 
phosphorescence does not exceed two minutes {1681-1684), 

The complex emission band of carbon-activated silicon sulfide is 
shown with its excitation spectrum in the last row of Figure 196. 

Aluminum nitride is activated only by addition of comparatively 
great amounts of silicon. No phosphorescence is observed at silicon 
contents below 0.5%; the optimum concentration is 5%, but the 
luminescence is not much impaired by appreciably higher concen- 
trations of the activator. The emission spectrum consists, in this case 
also, of three overlapping independent bands with unequal decay 
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Fig. 2106. Excitation and emission bands of carbon-activated boron 
nitride phosphors (Tiede). 


periods; the principal band, in the blue, decays at room temperature 
in a few minutes, while a weaker 'green band can be observed for 
several hours after the end of the excitation. The excitation spectrum 
stretches from 3000A to the far u.v. {1682). 

While all the phosphors described in the preceding paragraphs 
must be fired at high temperatures in order to crystallize and to in- 
corporate the activator, many salts, such as nitrates and sulfates, 
which can be obtained as crystals by evaporation of a saturated 
aqueous solution are phosphorescent after being dried at temperatures 
above 100° C, if they contain some activating impurity. Waggoner has 
shown that purest commercial cadmium sulfate is always phosphor- 
escent at room temperature, but that it loses its luminescence if it is 
purified by repeated recrystallization. If the aqueous solution of the 
purified salt is contaminated with as little as 10~2% of zinc sulfate, 
the crystals obtained from this solution exhibit a strong blue-green 
phosphorescence under irradiation with u.v. light. Cadmium sulfate 
phosphors with yellow and green emission bands can be prepared 
addition of a magnesium or a sodium salt to the solution. In the latter 
case, a surprisingly strong influence of the anion of the added salt has 
been observed by Waggoner (Table 131) {iy82). Cadmium sulfate 
Pringsheim 23 
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containing lead or manganese exliibits only weak phosphorescence 
when excited by radiation of wavelength 2537A. If both activators are 
present simultaneously, however, the phosphorescence is bright 
yellow and of fairly long duration. This phosphorescence can be 
stimulated by near u.v. {3650A), but not by infrared radiation. 
Although zinc salts, in general, provide the most efficient base materials 
for phosphors, it seems that luminescent zinc sulfate cannot be pre- 
pared (i02ga). 


Tablf. 131 

Phosphorescenck Bands of CdS04(Na)-PHospHORs 
(Wavelengths in A) 


Added salt , . 

NaSiOa 

NaaBO* 

NaF 

NaCl 

NaBr 

Band 
limits . 

4800-0040 

1 

5220-0100 

4710-0120 

5100-5800 

4140-0000 

Band peak 

5100 

5000 

5740 

5400 

4800 


Numerous sulfate and nitrate phosphors activated with rare- 
earth metals are listed in Table 96. WTiile the fluorescence of a 
PbS 04 (Sm) -phosphor can be excited by visible light in the same way 
as that of all other materials containing samarium, its phosphor- 
escence, which lasts for several hours, is excited only by short -wave- 
length U.V., which is absorbed in the base material and not in the 
Sm+++-ions. 

166 . Tungstates and Molybdates. Tungstates and molybdates of 
various metals are luminescent without containing an activating 
impurity; addition of almost all foreign metals to these compounds 
impairs their characteristic fluorescence. An exception is lead, which 
appreciably enhances the fluorescence of CaW 04 as long as the lead 
content does not exceed 1 %; simultaneously, the emission band is 
shifted in the direction of greater wavelengths and the luminescence 
color changes from blue to a more greenish hue {1603). Data concerning 
the wavelengths of the emission bands have been published only for 
the compounds collected in Table 132. The bands are very broad and 
cover nearly the whole visible region, but the intensity maximum of the 
calcium tungstate band lies at an appreciably shorter wavelength than 
that of the other bands : the fluorescence color is blue for CaW 04 and 
rpore whitish for the other compounds (Figure 211, curve 1). 

The fluorescence of the molybdates is of a more yellowish hue, 
but at room temperature only CaMo 04 shows a fairly strong fluo- 
rescence with a peak at 5350A. Whereas the blue-green fluorescence 
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of zinc tungstate with a peak at 4850A is very bright at room temper- 
ature, a compound containing 75 % ZnW04 25 % ZnMo04 ex- 
hibits an orange-red fluorescence with peak at 6800A which is faint at 
-I- 25° C and attains great intensities only at temperatures below 
— 100° C (8330). 

The temperature limit above which the fluorescence is completely 
quenched varies greatly for the various tungstates and molybdates. 
The fluorescence of magnesium tungstate begins to decrease only at 
temperatures above 4 - 50° C and has still more than 25 % of its peak 
intensity even at 150° C; the fluorescence of CagWOg and ZnMo04 is 
almost completely quenched at 0° C, and the fluorescence of Sr2W05 



Fig. 211, Excitation and emission bands E and L of 
(1) calcium tungstate and (2) magnesium tungstate. 


and PbMo04 cannot be excited at temperatures above — 100° C 
Other compounds enumerated in this connection by Kroeger { 8336 ) 
are Na2W207, Li2W04, SrW04, CagWOg, CdMo04, Na2Mo207, SrMo04, 
MgMo04, and Li2Mo207. 

The excitation spectra of calcium tungstate and other tungstates 
begin at a wavelength slightly above 3000A and have several selective 
maxima which coincide with intensity maxima in the u.v. absorption 
spectra of the contpounds (Figure 211) [88 a, gy 8,1366,1631)^ 


Table 132 

Fluorescence Bands of Tungstates 
(Wavelengths of band peaks in A) 


Compound 

CaW 04 

MgWO, 

CdWO^ 

ZnjWOs 

Fluorescence band 

4200 

5000 

1 4900 

4900 


If calcium tungstate is precipitated from a solution at room 
temperature, it forms a nonluminescent amorphous powder. By aging, 
the compound crystallizes slowly, as shown by the x-ray pattern, 
and simultaneously the luminescence appears. The aging process can 
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be accelerated greatly by heat treatment ; the higher the temperature, 
the sooner the complete crystallization occurs. The temperature must 
not exceed 1200"^ C, in order to avoid the decomposition of the tung- 
state. A weakly luminescent powder showing traces of crystalline 
structure in the x-ray diagrams is obtained directly if the tungstate is 
precipitated from a boiling solution {1434,1680), 

MgW 04 exists in various modifications with distinctive x-ray 
patterns {A, B, C, and D). Only the monoclinic form characterized 
by x-ray pattern C which is obtained by firing the material at temper- 
atures between 950° and 1000° C is fluorescent. Two modifications 
which are stable at temperatures between 300° and 600° C (patterns 
A and B) and a high temperature modification present in samples 
which were quenched from temperatures above 1250° C (x-ray 
pattern D) are not fluorescent {61 ^h). 

While the addition of lead to calcium tungstate does not give 
rise to a new emission band but seems only to shift the normal lumi- 
nescence band to greater wavelengths, typical Sm+++-lmes appear 
in the luminescence of all samarium-activated tungstates which are 
listed in Table 132; their intensity is relatively weak during the ex- 
citation period, but the Sm-luminescence has a duration considerably 
longer than that of the CaW 04 fluorescence and thus the red Sm-lines 
alone prevail in the afterglow. By addition of lead to a CaW 04 (Sm)- 
phosphor, the relative intensity of the samarium lines is greatly en- 
hanced in the luminescence spectrum of the phosphor. Incorporation 
of samarium in MgMo 04 , which has only a very weak fluorescence in 
the pure state, has no appreciable effect {268a, 402a). 

If samarium-activated calcium tungstate is excited by fight of 
wavelength 2600A, the samarium lines are imperceptible during the 
excitation at — 180° C; their intensity increases with increasing 
temperature and is of the same order of magnitude as that of the 
blue CaW 04 fluorescence at -f- 100° C. If the exciting fight has a 
wavelength greater than 3000 A, the samarium lines alone appear in 
the fluorescence spectrum at all temperatures, in agreement with the 
excitation spectrum of the CaW 04 fluorescence shown in Figure 211 
{268a).* 

The fluorescence of uranium-activated magnesium tungstate and 
cadmium tungstate can be excited by irradiation with near u.v., corre- 
sponding to the well-known absorption bands of uranyl salts. The 
emission bands do not show the characteristic structure of the fluo- 

♦ Beryllium and* zinc tungstates activated with neodymium emit a yellow 
phosphorescence under cathode-ray bombardment. 



CHROMIUM AS ACTIVATOR 


637 


rescence of uranyl salts, but in the case of MgW 04 (U) the peak of the 
bell-shaped band has the same wavelength (about 5200A) as the 
strongest band in the fluorescence spectra of uranyl salts. The fluo- 
rescence spectrum of CdW 04 (U), however, is shifted far toward the 
red, with a first intensity maximum at 6400A and another in the near 
infrared be 3 ^ond 7300A. This strong influence of the cadmium ion in 
the base material, even on an emission band which is supposed to 
correspond to a transition inside the uranyl ion, is very striking (G). 

167. Chromium as Activator. While the various phosphors wert,‘ 
classified in the preceding sections according to their base materials 
which essentially determine the properties of the phosphors, the 
conditions are different for crystals which owe their fluorescence to the 
incorporation of trivalent chromium ions in their lattice. The outer- 
most electronic shell of the Cr+++-ion is the 3<^-shell which contains 
only three electrons, instead of the ten electrons coriesponding to the 
completely filled shell. A ^T'-term is formed as ground state of highest 
multiplicity (all three electron spins parallel), with the four sublevels 
^7^7/2 and the next higher term is a ^P-term, followed 
by a ^G-term and a ^P-term. The energies of these various terms, 
derived by Bowen from spark spectrum of chromium, are collected 
in Table 133. All these terms correspond exclusively to various com- 
binations of the three Si-electrons and transitions between them 
are forbidden, but may be rendered possible by electric fields existing 
in a crystal. The red absorption and emission lines observed in 
chroifiium-activated crystals near 6900A (14,500 cm~^) are ascribed 
to transitions between some of the *F-sublevels and ^P- or ^G-levels. 
The intensity, even of the strongest of the lines in the absorption 
spectrum of ruby, is only about 10~® of that corresponding to a 
normal electric dipole, in agreement with their origin from forbidden 
transitions. Various authors have tried to assign transitions between 
two of the levels listed in Table 133 to specific lines in the spectra 


Table 133 

Lowest Energy Levels of the Cr+++-IoN 
IN THE Vapor State (in cm~^) 


Tenri 

Energy 

Term 

Energy 

Term 

Energy 


0 

*Pii, 

14058 

*G,/. 

15056 


237 


14177 


15405 


553 

*P.lt 

14476 


21067 


949 



Wxi/. 

21320 
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of the crystals by comparing the frequencies of the lines with energy 
differences occurring in the table. Such an attempt cannot yield 
useful results. For even if the term scheme of the Cr+++-ion is re- 
tained, in principle, in the crystal, it is certain that the absolute 
values of the energy differences between the various levels are altered 
by the lattice forces. If the latter are large, the momenta of the 
electron spins and the orbital momenta are uncoupled and the 
quantum numbers J (^/g, ®/ 2 , etc.) lose their significance. On the other 
hand, it is certain that if the order of magnitude of the energy dif- 
ferences occurring in Table 133 is maintained in the crystals, lines 
which do not lose a great part of their intensity in the absorption 
spectrum at — 190° C can originate only from the lowest state ^F^j2 
Even the energy of 237 cm“"^ corresponding to exceeds by far the 
average thermal energy at — 190° C. 

The great influence of the lattice forces on the spectra is proved 
by the fact that the wavelengths of lines and the spacings of doublets, 
which apparently correspond to analogous transitions in the spectra 
of different crystals, vary by large amounts (see Table 135). It is very 
probable that the origin of the doublets (and, in some cases, qua- 
druplets) listed in Table 135 must be ascribed exclusively to inter- 
molecular Stark effects and not to electronic transitions between 
different electronic levels which are characteristic of the isolated 
Cr+++-ion, according to Table 133. 

The Cr+++-ion differs from the rare-earth ions insofar as the in- 
completely filled 3^/-shell is not shielded by an outer rare -gas 'shell. 
This is the reason why pure chromium salts are not fluorescent ; the 
same holds true for chromium alums, although their absorption 
spectra, with a number of narrow lines in the red, are very similar 
to those of chromium-activated fluores<2ient crystals. As already 
mentioned in Section 161, no chromium-activated Lenard phosphors 
are known. Crystals exhibit the characteristic red Cr+++-fluorescence 
only if the activating metal is able to form a compound which is 
isomorphous with the base material. This is illustrated by the last 
column of Table 134, which lists all chromium-activated “fluorophors”* 
which have been prepared synthetically {2y8). 

While AlgOg and GagOg are isomorphous with CrgOg, the Cr+++-ion 

* Although the luminescence of these crystals is a slow fluorescence and 
not a genuine phosphorescence, they are generally qualified as “phosphors." 
The chromium-activated lithium fluoride mentioned in the next-to-last para- 
graph of Section 164 apparently contains Cr in a different form, since the color 
of the luminescence is green. 
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Table 134 

Synthetic Chromium Phosphors 


Base material 

Crystal class j 

Isomorphous Cr-compouud 

a-Al203 

trigonal 

Cr,0, 

a-GagOj 

trigonal 

CrjO, 

MgAl^O^ 

regular 

MgCr204 

ZnAl204 

! regular 

ZnCr204 

BeAlgO^ 

rhombic 

BeCr204 

MgO 

regular 

MgCr^O, 


must form complexes such as MgCr 204 to be incorporated in MgO, 
MgAl 204 , etc. No chromium phosphors can be obtained with BeO and 
ZnO as base materials, because the crystals of these compounds are 
hexagonal, while the corresponding Cr-complexes BeCrgO^ and ZnCr 204 
crystallize with rhombic and cubic symmetry, respectively. A number 
of natural minerals exhibiting the red chromium line fluorescence are 
included in Table 135. 



Fig. 212. Fluore.scence and absorption spectra of chromium 
phosphors (Deutschbein). 

a : AlgOg at 20® C c : MgO type II 

b : AI2O3 at - 195° C d : Mg AlgO^ 
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Figure 212 gives several examples of the absorption and emission 
spectra of Ci -activated crystals. Because of their relative weakness, 
absorption spectra could be obtained only in the few cases in which 
crystals of sufficiently large dimensions were available (ruby, alexan- 
drite, emerald). The main feature in the absorption and emission 
spectra is a doublet or a single line (i?-lines) with an intensity ex- 

Table 135 

i?-LiNEs AND Doublet Spacings in the Spectra 
, OF Chromium Phosphors 

{v in cm“^) 


Base material 

(R:) 

Av 

MgO 

14320 

0 

MgAl204*, spinel 

14603 

6 

ZnAl204, spinel 

14575 

8.9 

AI2O3*, ruby 

14432 

29.2 

BeAl204*, alexandrite 

14734 

36.7 

[BegAljSiOj] *, emerald 

14685 

55 

[Al(0H,F)2Si04], topaz 

14693 

91 

[Cag(Al,Cr) (5104)3] , uvarovite 

14320 

91.8 

GagOa* 

[AlgSiOg] , cyanite 

14520 

158 

323(33) 


* Already observed by Lecoq de Boisbaud^^an in 1887 . 


ceeding that of all other lines and bands. The wavenumber of the long- 
wavelength component of the i?-doublet and the spacings of the dou- 
blet components are given for all known cases in Table 135. For the 
compounds which have been investigated only as natural minerals, the 
chemical formula is given in brackets. No connection exists between 
the displacement of the i?-lines and the value of Sv. In the spectra of 
the two spinels, the doublet components are resolved only when the 
width of the lines is reduced by lowering the temperature to — 180° C, 
while in the spectrum of MgO(Cr) the 7?-line remains single even at the 
lowest temperatures. In other cases — for instance, in the spectra of 
emerald and topaz — each doublet component splits into two sub- 
components at the temperature of liquid air and in the spectrum of 
cyanite a similar structure of the doublet lines appears, even at room 
temperature. 

In addition to the varying structures of the jR-lines, these, in 
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general, are accompanied on the side of greater wavelengths by 
several weaker secondary lines (e.g., ‘W” in Figure 212) and on 
both sides, nearly symmetrically, by a number of diffuse bands. Table 
1 36 lists all lines and bands observed in the fluorescence spectrum of 
a synthetic ruby at room temperature. At — 195° C the bands are 
resolved in less broad but still diffuse sub-bands, while in the interval 
between the i?-doublet and the secondary doublet N some 20 new, 
weak, sharp lines appear. 


Table 136 

Fluorescence Spectrum of Synthetic Ruby at 20° C 
(Wavelengths in A; s, sharp; d , diffuse; dd , very diffuse) 


i 

A 

1 

j Intensity 

1 1 

I 

] 

A 

Intensity 

• 

6538 

1 

* d 

7072 

2 

d 

6595 

3 

d 

7138 

3 

d 

6647 

1 

d 

7188 

2 

d 

6692 

4 

d 

7276 

2 

d 

6762 

1 3 

d 

7438 

1 

dd 

6820 

! 3 : 

d 

7517 

1 

dd 

/f, 6927.4 

I 

s 

7603 

1 

dd 

j?! 6942.3 

10 

s 

7723 

3 

dd 

6977 

2 

s 

7921 

2 

dd 

6986 

4 

5 




6996 

4 

S 




AT, 7017 

6 

5 




A7i 7049 

6 

S 





Nearly all “lines” (listed as s, sharp, in Table 136), especially 
the JR-lines, are found, also, in the absorption spectrum at — 195° C. 
In the emission spectrum the relative intensity of the doublet com- 
ponent of shorterwavelength Rg^^^reaseswith decreasing temperature 
and vanishes completely at 1.6° K. The figures listed in Table 137 are 
in good agreement with the equation : 

/(Ra) : with.^v = 29.2- (3- lO^o) sec-i (96) 

In the spectrum of Ga 203 (Cr) the intensity of Rg practically zero at 
20° K, corresponding to the higher value of 8 */, and in the spectrum of 
cyanite Rg is very weak even at 78° K. Figure 2 1 3 represents the energy 
levels for the R-lines of cyanite, including the secondary doublet with 
the spacing 33 cm~i {280a). 
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Table 137 

Intensity Ratio of the Lines R2 

AS A F'UNCTION of THE TEMPERATURE 


T {° K) . . 

293 

78 

20 

14 

1.6 

Al^O, .... 

0.82 

0.64 

0.14 

0.05 

0.00 

GajOj 

0.6 

0.13 

0.05 

— 

— 


The “bands” (marked in Table 136 as d and dd) on the long-wave> 
length side of the 7?-lines (“Stokes bands”) are missing in the ab- 
sorption spectrum at all temperatures, while those on the short- 
wavelength side of the 7^-lines (“anti-Stokes bands”), which appear in 
the emission spectrum at room temperature 
and are somewhat enhanced at 100° C, are 
present in the absorption spectrum at all 
temperatures, but vanish from the fluores- 
cence at the temperature of liquid nitrogen. 
The bands are ascribed to the superposition 
of lattice vibrations on the electronic tran- 
sitions which correspond to the R~ and the N- 
lines, the Stokes bands being progressions 
with v" ~ 0 and tlie anti-Stokes bands pro- 
gressions with v' ^ 0. (If this interpretation 
is correct, one might expect that since the 
anti-Stokes bands are visible in the fluores- 
cence spectrum at room temperature, the 
Stokes bands should also be observed in the absorption spectrum at 
this temperature). 

Figure 214 shows an energy-level diagram representing the bands 
in the fluorescence spectrum of a MgO(Cr)-phosphor. This spectrum 
is the least complicated of all which were obtained by Deutschbein ; 
even the iV-line, which is relatively strong in the spectra of other 
Cr-activated MgO-phosphors (Figure 212), is missing in this case.’*' 
The vibrational frequency of 425 in Figure 214 is supposed to 
correspond to the Raman frequency 700 cm~^. of MgO, which is 
strongly perturbed by the incorporation of the chromium complexes. 
No interpretation is attempted for the other frequency of 270 cm“”^, 
which had to be introduced for the representation of the bands de- 

* According to Deutschbein, two modifications of the MgO (Cr) -phosphors 
with dissimilar spectra can be obtained by dificrent manners of preparation, 
both modifications having the same chemical composition and the same cr 5 rstal 
structure. 


323 cm-* 


I33 cm“* 

Fig. 213. Energy levels 
for the i?-lines of cy- 
anite (Deutschbein). 
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signaled by p and y. In other cases, the agreement between Raman 
frequencies and the frequency differences occurring in the fluorescence 
spectra are better. According to Krishnan, nearly all absorption and 
fluorescence bands of ruby can be interpreted satisfactorily by taking 
into account the seven Raman frequencies of corundum which he had 
observed himself, as well as the infrared absorption frequencies ob- 
tained by earlier investigators (82yb). It must be conceded, however. 



Fig. 214. Energy levels for the fluorescence 
spectrum of MgO(Cr)-type I [Deutschbein { 2 ^ 8 )]. 


hat with the great number of diffuse bands in the fluorescence 
pectra such coincidences need not be more than fortuitous {827). 

In the absorption spectrum of ruby a second line group has been 
found in the blue region (4680-4771 A). Deutschbein ascribed it to an 
electronic transition from the ground states to the W-states. A 
fluorescence corresponding to the return from these higher electronic 
levels could not be observed. 

Although the red fluorescence of ruby can be excited as “resonance 
radiation” by irradiation with light of wavelengths coinciding with 
those of the R-lines this phenomenon plays only a minor part in the 
excitation of the ruby fluorescence. The excitation is i:aused mainly 
by light absorption in a broad continuous band in the green (Figure 
215) and a second continuous band in the near u.v. No theoretical 
explanations have been suggested for the electronic transitions corre- 
sponding to these bands or for the mechanism by which the absorbed 
energy is transferred to the well-defined levels from which the line 
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emission originates. The process is not connected with photoconduc- 
tivity and has no heat of activation { 4 ^ 4 , 101 $). 

As early as 1910, J. Becquerel and, nearly simultaneously, Dubois 
and Elias found that ruby showed a strong dichroism: the iodines 
have a far greater intensity in the ordir>ary absorption spectrum 
(electric vector E perpendicular to the optical axis '^) thafi in the 
extraordinary spectrum (E parallel to ^). The phenomenon vanishes of 
course, when the primary light passes through the crystal in the 
direction parallel to Dubois and Elias observed the analogous 

behavior of the fluorescence radi- 
ation. In the fluorescence spectrum 
the i?-lines have the greatest inten- 
sity when observed in the direction 
perpendicular to f through a po- 
larizer which transmits light with 
its electric vector E 1 | (ordinar^^ 
spectrum). According to Thosar, 
the degree of polarization is 72.5 %. 
The polarization of the bands in 
the neighborhood of the JR-lines is 
much weaker; in certain cases it 
even seems to be negative. Wlien 
viewed in the direction parallel to f , 
the fluorescence is unpolarized. The 
observed degree of polarization is 
independent of the polarization of 
the exciting light, although the absorption in the diffuse absorption 
band is also much stronger for light polarized with its electric vector 
1 ^ {81,313,1015,1658-1660). 

Since the maximum intensity of the absorption and of the 
emission corresponds to the same orientation of the electric light 
vector, it is clear that the polarization of the fluorescence is not a 
secondary effect due to a partial reabsorption of a primarily unpolar- 
ized radiation, but that the electronic oscillators absorb and emit 
preferentially (if not exclusively) light with its electric vector per- 
pendicular to the optical axis. These observations provided the first 
unequivocal proof for the fact that chromium is not imbedded in 
aluminum oxide with random orientations as in a “solid solution,” but 
that the Cr+++-ions form a regular part of the lattice, being subjected 
to the same anistropic orienting lattice forces as the Al-+++ions. 

Moreover, Dubois and Elias discovered that the JR-lines of ruby 



Fig. 215. Absorption band of ruby 
at various temperatures. 

(The lines at the bottom of 
the figure indicate location of 
the strongest Cr'^'’''^-lines). 
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split at — 180 ° C into several components under the action of a 
magnetic field of 40,000 gauss. Their observations were confirmed and 
completed in some details later investigators. The Zeeman effects, 
which are identical in the absorption and emission spectra, depend on 
the orientation of the optical axis ^ with respect to the magnetic field 
H and (to a lesser degree) with respect to the direction of observation 
y. With H 1 1 and 1 1 Y (longitudinal Zeeman effect) the iR-lines split 
into triplets, the central lines being unpolarized, while the outer com- 
ponents are circularly polari2:ed. With H||f and [ Y (transverse 
Zeeman effect), the Zeeman pattern shows a quintet with three strong 
irregularly spaced cr-components (ordinary spectrum) and two weak 
TT-components (extraordinary spectrum). If, on the other hand, the 
crystal is oriented With its axis perpendicular to the magnetic field 
(HX^), a nearly equidistant quartet is observed, irrespective of the 
direction of observation (transversal or longitudinal Zeeman effect). In 
this case the Zeeman pattern is, however, not quite identical for the 
two i?-lines insofar as the four components of have nearly the same 
intensity, while the two outer (a) components of R2 are much stronger 
than the others {2^8,281,313,1015,1638-1660). 

In the low-temperature fluorescence spectrum of cyanite, each 
of the two lines Ri and are split into two components if the - mag- 
netic field is perpendicular to the crystal axis; they are not affected 
at all by a field parallel to the axis. 

Still other Zeeman effects are exliibited by the weaker lines of the 
ruby fluorescence. Thus, the line 6996 A (Table 136 ) is resolved into 
two components at — 195 ° C; in a weak magnetic field this doublet 
becomes diffuse and contracts, with increasing field strength, into a 
single line. Some lines remain unaltered when a magnetic field is 
applied and others are almost completely blurred out (1015). 

Brunetti and Becquerel were the first to state that the action of 
a magnetic field on lines of a crystal corresponds to the superposition 
of a Zeeman effect on a Stark- effect. Complete Zeeman patterns of 
lines corresponding to transitions between the electronic terms listed in 
Table 133 would be much more complicated than those obtained in the 
fluorescence spectra of ruby. The relative simplicity of the latter is 
due to the partial suppression of the degeneracy of the spatial quanti- 
zation by the crystal field. Under these conditions, a theoretical 
discussion of the Zeemaneffectsof ruby and siihilar phenomena observed 
in the spectra of emerald and other chromium-activated phosphors 
cannot be successful as long as the lines appearing in the absence of a 
magnetic field are not interpreted theoretically (<^5, 7657-7660, J7 ^j^). 
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C. Luminescence of Natural Minerals and of Crystals 
Discolored by Irradiation 

168 . Minerals and Gems. E. Engelhard; who seems to have been 
the first to make a systematic investigation of photoluminescent 
minerals, counted as many as 427 samples in the collection of minerals 
of the University of Jena. Some of these were identical with respect to 
the mineralogical classification, but came from different locations and 
had dissimilar luminescence properties. Since then (1912) the list has 
been considerably increased (363a). 

From the point of view of luminescence analysis these minerals 
can be divided in three main classes which may be subdivided into 
groups. 

The first class is formed by the relatively few minerals which 
exhibit luminescence as an essential quality. The second class is by 
far the most numerous and consists of minerals with purely accidental 
luminescence due to minute traces of impurities which are not in- 
trinsic constituents of the mineral and which sometimes can be 
identified but more frequently are unknown. Various six^cimens of 
such minerals, coming from different localities, are characterized, in 
general, by dissimilar fluorescence colors, or some samples may be 
luminescent and others nonluminescent. In the minerals of the third 
class the existence of ‘‘luminescence centers” is not, or not exclusively, 
due to the presence of impurities, but has been acquired by a long- 
lasting exposure to a weak radioactive radiation. The proof of this 
origin of photoluminescence is provided by laboratory experiments. 

Uranium minerals containing the uranyl radical as a constituent, 
such as autunite (uranyl calcium phosphate), schroeckingerite 
(hydrous uranyl carbonate), uranophane (uranyl calcium silicate), and 
many others, belong to the first class (644). Another mineral of this 
class is scheelite (calcium tungstate) which exhibits the same lumines- 
cence as synthetic CaW 04 .*'‘ While the luminescence of these minerals is 
a property of the base material itself, a second group of the first class 
consists of minerals which are luminescent because they are activated 
with a foreign impurity which is essential for the characterization of 
the mineral. This condition is fulfilled, for instance, for ruby, alexan- 
drite, emerald, and other gems,- which owe their characteristic color 
and their fluorescence to traces of chromium incorporated in the 

* Samples of natural scheelite frequently exhibit Sm'^**^-lines in their 
luminescence spectra, exactly like Sm-activated synthetic CaW04 (JJJ8). 
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crystals. Colorless corundum without the admixture of CcgOg is not a 
ruby. Some of these gems — for instance, cyanite and uvarovite — 
have not been synthetized, but where synthetic products are available 
for comparison, there is no difference between their luminescence 
spectra and those of the natural gems. If the luminescence of rubies 
from Ceylon is of a more yellowish color than that of “artificial rubies,” 
these crystals must contain another impurity in addition to chromium 
(perhaps manganese). However, the chromium concentration is much 
lower in natural rubies than in the synthetic products ; in the latter, 
the chromium content can amount to as much as 2.5 %, while it is so 
small in the natural gems that it cannot be ascertained by any 
chemical methods. According to Tiedc, synthetic rubies show an after- 
glow which can easily be observed in a phosphoroscope, while the 
fluorescence of natural rubies has a much shorter duration. Synthetic 
zinc and magnesium spinels, and natural magnesium spinels, exhibit 
the typical red Cr-fluorcscence, but iti natural zinc spinels the lumi- 
ne.scence, in general, is quenched by the presence of iron {2y8,i6yo). 

On the other hand, the Cr+++-fluorescence which is emitted by 
many specimens of sapphire is accidental. The spectrum is identical 
with that obtained from rubies, although much weaker, but the 
chromium from which this fluorescence originates is not essential for 
the blue color of the gem, which is supposed to be produced by an 
admixture of titanium (see Section 165). The same is true with respect 
to topaz, the Cr+++-fluoresc€nce of which is mentioned in Table 135 
{1670). 

Although willemite can frequently be identified as such by its 
brilliant green fluorescence, which is identical with that of synthetic 
Zn 2 Si 04 (Mn) -phosphors, willemite finds its place in the second class, 
for manganese-free zinc orthosilicate minerals are also designated as 
willemite. Similarly, only those samples of troostite — ■ a zinc beryllium 
silicate — which contain an accidental admixture of manganese are 
fluorescent. The red fluorescence of many natural calcites and halites 
is also due to manganese, but, exactly as in the case of synthetic, 
manganese-activated CaCOg and NaCl, the luminescent minerals are 
excited by u.v. light of wavelengths between 3000 and 2400A only if 
in addition to manganese they contain traces of lead (jop^a, JJJ 5 , 
1311,1333, 1480b), There are other specimens of calcite which owe 
their red fluorescence to divalent samarium. The blue fluorescence of 
certain silicates of the feldspar group, such as orthoclase and andesine, 
could be proved to be due to the presence of divalent europium by 
comparing the minerals with synthetic samples of the same compo- 
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sition ( 56 j). These, as well as numerous fluorescent fluorites, will be 
discussed in a subsequent section. 

By far the largest group of this second class is provided, however, 
by minerals which owe their color in transmitted light and their 
fluorescence to an undetermined impurity. It need hardly be empha- 
sized that a mineral can be colorless, with absorption bands in the u.v., 
and emit a visible fluorescence. 

Diamond cannot unequivocally be ascribed to one of the classes 
of fluorescent minerals mentioned at the beginning of this section; 
Nonfluorescing diamonds are found, as well as diamonds which ex- 
hibit fluorescence of colors varying from blue to yellow. The common 
opinion that this fluorescence is due to unknown impurities has been 
strongly opposed by Raman and his school. While the material is, in 
general, very scanty, the Indian scientists had at their disposal an 
exceedingly rich collection of more than 300 samples. Raman’s 
principal arguments contradicting the impurity hypothesis are the 
identity of spectra of diamonds which come from different localities 
in South Africa and India, and the parallelism between the patterns 
formed by fluorescent zones in certain diamonds and their crystalline 
structure. Neither argument is quite convincing. All diamonds which 
have been analyzed by modern spectroscopic methods contain traces 
of aluminum, silicon, calcium, and magnesium, while the presence of 
lighter elements such as boron and oxygen would escape detection 
by this method of analysis. Londsdale ascribes the small variations 
(of the order of 10~^A) occurring in the lattice spacing of diamonds to 
the variable content of such impurities. It would not be impossible 
that the diamond lattice becomes luminescent by incorporation of 
only a single kind of impurity atoms: corundum found in widely 
separated parts of the world shows the well-known chromium fluo- 
rescence and this fluorescence is polarized according to the structure 
of the matrix lattice; and activating impurities are embedded in 
gypsum along certain crystallographic planes of the base material. 
On the other hand, the fluorescence spectra of slightly colored, 
yellowish, pinkish, and greenish diamonds are not essentially different 
from those of perfectly white samples, so that at least the color- 
producing impurities are proved not to be responsible for the lumi- 
nescence (1326a). 

Robertson has shown that diamonds can be divided into two 
main classes, class I being highly transparent in the u.v. down to 
2250A and class II with absorption bands beginning near 3100A. 
These two classes differ also in their other properties — for instance. 
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their infrared absorption spectra, their x-ray patterns, and their 
photoconductivity. Diamonds of class I are never fluorescent ; 
diamonds of class II are fluorescent in general, although the relative 
intensity of their fluorescence varies in the range from 1 to 12,000 ( 97 J. 
13^8). 

According to Raman, Robertson’s classes must be subdivided 
into two octahedral groups, la, Ih and two tetrahedral groups, I la, 
II6.* In most natural diamonds two or more of these groups inter- 
penetrate each other, causing inhomogeneities and strains in the 
crystals. The diamonds of class I are supposed to be highly in- 
homogeneous. According to the known characteristics of crystals in 
general, however, transparency in the far u.v. and absence of fluo- 
rescence should be ascribed rather to great purity and high symmetry' 
of the crystal lattice than to lack of homogeneity. The hypothesis 
that the much greater photoconductivity observed in diamonds of 
class I is due to their imperfection and to the numerous activating 
centers connected with such imperfections, cannot be upheld : although 
absorbing “centers” must be available in a photoconductive crystal, 
the intensity of the photoelectric currents depends to a much higher 
degree on the mean free path of the liberated electrons and, thus, on 
the absence of electron traps and of imperfections in the lattice. The 
photoelectric conductivity of diamonds of class II is much smaller; 
its excitation spectrum has its maximum at 3400A and a minimum 
at 3100A, where the strong absorption sets in { 541 , 11 ^ 00 )' 

In diamonds of class II the crystal lattices of the two subgroups 
Ila and II^ are assumed to interpenetrate without any ‘'composition 
planes” and with much higher degrees of lattice perfection than that 
occurring in class I. Nevertheless, interpenetration gives rise, ac- 
cording to Raman, to a nonhomogeneity which shows itself in the 
development of luminescence. 

Many diamonds belong partially to one class and partially to 
another. Owing to this mixed structure they exhibit “transmission 
patterns”: in some parts they transmit the mercur}^ line 2537A and 
in others they are opaque for this line, and only in the latter can the 
blue fluorescence be excited. Less frequently, a yellow-green fluo- 
rescence is observed in diamonds or parts of diamonds which transmit 
the u.v. below 3000A to a certain extent ; such diamonds are supposed 

♦ In Raman's nomenclature, these groups are designated by Oh I, Oh II 
and Th I, Th II, respectively. A discussion of the controversy respecting the 
crystal structure of diamond is beyond the scope of this book. Compare letters 
to Nature 155 , 144, 234, 572 (1945); 156 , 22, 23, 83 (1945), 
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to represent an intimate mixture of the octahedral and the tetrahedral 
structure and, therefore, to be optically anisotropic. Many diamonds 
show patterns of birefringence when viewed between crossed polaroidst 
Kendall’s assertion that these patterns coincide with the patterns of 
the yellow-green fluorescent zones in the crystals is not corroborated 
by the numerous photographs shown in his paper {97 5a j 326b, 1353a, 

1353b). 

The fluorescence of diamonds can be excited by light from a 
carbon arc transmitted through a Wood filter; the following data refer 
to this kind of excitation at — 190° C. The emission spectrum is ob- 
viously due to the superposition of lattice vibrations on several 
electronic frequencies.. Two of these frequencies, 24,077 cm“^ (4152A) 
and 19,870 cm""^ (5032A), have the greatest intensities and seem to be 
present in the emission spectra of most fluorescing diamonds. Since 
they appear also in the absorption spectra of these crystals they must 
correspond to transitions to the ground state of the emitting centers. 

Ramachandran and Chandrasekharan compare the line 4152 
with forbidden lines in the spectra of Pb 1, N II, and O III, and 
ascribe it tentatively to the corresponding forbidden transition between 
an excited state ^5o and the ground state of the carbon atom. A 
new line at 7930A which they discovered in the fluorescence spectra of 
several diamonds and which was missing in the absorption spectra 
would, according to this hypothesis, be due to the equally forbidden 
transition between the excited state ^Sq and a hypothetical ^Z^g-state 
situated about halfway between and the ground state (1325a). 

Thin plates of blue fluorescent diamonds, of a thickness not 
exceeding 0.2 mm, exhibit a very feeble transmission for u.v. even 
down to 2240A. A number of selective absorption bands, some of them 
quite sharp, are superimposed upon the strong continuous absorption 
background, and these bands or lines may perhaps be ascribed to 
other forbidden transitions from the ground state to higher excited 
states. They are completely missing in the absorption spectra of dia- 
monds of class I (1328a). 

If these assumptions should be correct, one would suppose that 
the forbidden transitions occur only in the less symmetrical lattice 
fields of diamonds of class II, while they remain forbidden in the highly 
symmetrical diamonds of class I. 

In the fluorescence spectra the line 4152A is followed in the 
direction of greater wavelengths by a series of band groups which 
consist of several not always completely separated components. 
Symmetrical absorption band groups extend from the central line 
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4152A toward the u.v. (Figure 216^^). Nayar, who was the first to 
analyze these spectra, listed only four of these groups on either side 
of the central line (Table 138A); but he mentions that numerous 
fainter lines appear between these groups, also symmetrically with 
respect to the central line. At room temperature the bands become 
diffuse, the peaks of the main bands being shifted slightly to greater 
wavelengths (with the central line now at 4156A), while the weaker 
intermediate lines are no longer visible. Nayar ascribed the four fre- 



Fig. 216 . Absorption and excitation spectra of diamonds 
(Mani). 

a: blue fluorescence, b: yellow fluorescence. 


quencies listed under Avin Table 138A to four lattice vibrations which 
he tried to identify with known Raman frequencies of diamond {logg, 
iioo). 

In a more recent analysis, Mani listed far more numerous lines 
which were symmetrically arranged around the central line in the fluo- 
rcwscence and absorption spectra of diamond; although the lines of 
the fluorescence spectrum were divided into groups similar to those 
of Nayar’s analysis, the separation between the groups is indistinct. 
There arc, altogether, ten such groups; in Table 138B the^ v-values 
of the individual lines in the first eight of these groups are reproduced. 
Groups IV, VI, and VIII are by far the strongest and obviously 
correspond to Nayar’s bands 1, 2, and 3, while the other much weaker 
groups correspond to Nayar’s fainter intermediate lines. A band 
system with the same A j/- values was observed by Mani in the absorp- 
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Table 138 

Absorption and Fluorescence Bands of Diamond ax — 190° C 
(A in A; v in cm"”^) 

A. Principal Bands (Nayar) 

{/tv = — Vq; Sv = — Vi + i) 


Band 

Fluorescence 

Absorption 

index t 

A. 

1 n- 

/Iv 

Sv 

h 

'Vi 

Av 

Sr 

0 

4152 

24077 

0 

627 

4152 

24077 

0 ! 

631 

1 

4263 

23450 

627 

I 

627 

4046 

24708 

631 

631 

2 

4380 

22823 

1254 

627 

3947 

25339 

1262 

631 

3 

i 4504 

22196 

1881 

600 

3849 

25970 

1893 

631 

4 

4638 

21596 

2481 


3758 

26601 

2524 



B. Individual Components of Fluorescence Bands (Mani) 


(Av in cm-*) 

Av 

II 

34 

70 

98 






Ill .... 

132 

178 

212 

258 

359 

493 



IV (1) .. 

533 

543 

565 

681 

716 

784 


627 

V 

848 

946 

1013 

1088 





VI (2) . . 

1131 

1149 

1218 

1252 

1284 

1330 

1341 

1254 

VII .... 

1422 

(1540) 

(1664) 






VIII (3) . . 

1757 

1887 

2021 





1881 

IX .... 

2138 


I 







tion and emission spectra symmetrically located around the line 
5032A ; but here the intensities decreased continuously with increasing 
distance from the central line (975). 

According to Mani, the J from 34 to 1330 cm~^ listed in Table 
138B represent the lattice spectrum of diamond. It seems exceedingly 
improbable, however, that the constancy in the spacing 8 v between 
neighboring bands in Table 138a is purely fortuitous, and it is even 
more improbable because apparently this constancy was not noticed 
by the authors of the original papers. Such a constant spacing suggests 
a principal lattice oscillation with a frequency 630 cm~^, which is 
almost the same in the ground state and in the excited states and on 
which a number of other vibrational frequencies are superimposed. 
Apart from the main band systems at 4152 and 5032 A most 
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fluorescent diamonds show in their fluorescence and absorption 
spectra at — 190® C a number of fainter narrow lines which are 
ascribed by Mani to electronic transitions between the ground state 
and various excited states; these lines are more numerous in the 
spectra of samples with a yellow-green fluorescence than in those of 
the blue fluorescent diamonds. In the former they occur in the whole 
spectral region between 4000 and 6360A, while in the latter no lines 
are observed at wavelengths longer than 5032A. No trace of any of 
these lines, including the lines at 4152 and 5032A, is found in the 
absorption spectra of diamonds of class I. 

The various peaks between 4400 and 3400A in the absorption 
spectrum of blue fluorescent diamonds coincide exactly with peaks in 
the excitation spectrum of the blue fluorescence. The peaks in the ab- 
sorption spectrum near the line 5032A are not so well separated from 
the underlying continuous background and disappear completely in 
the excitation spectrum of the yellow-green fluorescence (Figures 
2\6a and b). In diamonds exhibiting both the blue and yellow-green 
fluorescence, these can be excited simultaneously by light of wave- 
lengths between 4400 and 3700A, but even under these conditions the 
selective maxima which are characteristic of the blue fluorescence are 
not observed in the excitation of the yellow-green fluorescence. Thus, 
the absorption and emission of the two band groups occur in different 
and independent centers. The blue fluorescence group reaches with 
a weak continuous band far into the orange-red and this continuum 
is not connected with the yellow-green system. The intensity dis- 
tribution inside each of the two band systems is not influenced by the 
wavelength of the exciting light, while the relative intensity of the 
two systems with respect to each other varies greatly with varying 
wavelength of the primar}?- radiation (975b). 

Although the violet and the green band systems at 4152 and 
5032A are present in the spectra of nearly all fluorescent diamonds, 
not only their absolute intensities but also their relative intensities 
vary within wide limits. In the fluorescence spectra of many pure white 
samples the green system is so weak that the color of the fluorescence 
is a pure blue; in other cases, the long-wavelength system pre- 
dominates, but it is always accompanied by the blue system. Since 
many diamonds with a yellow-green fluorescence have a yellow or 
slightly brownish color in transmitted light, the blue fluorescence may 
be partly suppressed in their emission spectra by reabsorption. 

The intensity of the fluorescence of diamonds is proportional to 
the intensity of the corresponding band systems in their absorption 
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spectrum: in weakly fluorescent diamonds the absorption band 
systems are also weak. On the other hand, although all blue fluo- 
rescent diamonds absorb radiation of wavelengths below 3100A, the 
samples showing the brightest blue fluorescence are relatively less 
opaque to short-wavelength u.v. than samples of weaker fluorescence. 
Thus, the “centers’’ which are responsible for the absorption and 
emission in the visible region are not identical with the centers pro- 
ducing the absorption in the u.v. Since in diamonds with high u.v. 
absorption the intensities of the visible band systems are weakened in 
the absorption spc‘ctrum as well as in the fluorescence spectrum, their 
luminescence is not reduced by a quenching effect due to a high 
concentration of “centers,” but by a reduction of the number of 
centers which produce the visible band systems. Only faint fluorescence 
seems to be excited by short -wavelength u.v., while many diamonds 
are strongly excited by x-rays. No data concerning the fluorescence 
yield of diamonds are available. 

After excitation with near ultraviolet, blue fluorescent diamonds 
show a blue afterglow of low intensity and lasting only a few second 
and a much stronger yellow phosphorescence which can be ob- 
served for half an hour. The blue afterglow of short duration can be 
perceived even at the tempeiature of liquid air and thus might be a 
slow fluorescence rather than a phosphorescence. If the sample is 
heated to temperatures between 150 and 270° C after its phosphor- 
escence has decayed at room temperature, a renewed strong blue 
phosphorescence is emitted This “thermoluminescence” of diamond 
was described for the first time by Boyle in 1663. The same emission 
can be stimulated by irradiating the diamond with visible light of 
wavelengths between 4200 and 8000A (with the highest efficiency near 
5500A) ; after having undergone such stimulation the diamond must 
be excited again with ultraviolet light in order to regain its thermo- 
luminescence . While the fluorescence and the phosphorescence emitted 
at room temperature are excited with greatest intensity by near u.v. 
radiation, the phosphorescence which is “driven out” by heat or by 
stimulation is much stronger when it is excited by light of wavelengths 
below 3000A { 2 i 5 h,c,gy 5 b). 

The “phosphorescence patterns” of the blue and of the yellow 
afterglow correspond to the “blue fluorescence patterns”; in other 
words, only those diamonds or zones of diamonds which emit the blue 
fluorescence are phosphorescent. The -spectrum of the blue afterglow 
and high temperature phosphorescence is identical with the spectrum 
of the blue fluorescence (principal line at 4152A and corresponding 
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band system). If a diamond is characterized by a ‘'yellow-green fluo- 
rescence pattern/’ this pattern appears only in a very faint afterglow 
lasting about 40 sec and showing the line 5032A and the corresponding 
band system. An emission of the same color can be stimulated as a 
“green flash” by irradiating the crystal with red light (2i5a,c). 

The very complicated phenomena observed in the afterglow of 
diamonds can be summarized in the following way. Two emission 
processes exist in blue fluorescent diJimonds : emission of the blue line 
with its various secondary lines and bands, and emission of the yellow- 
green band. The crystal contains relatively shallow traps from which 
(electrons are transferred only to the yellow-band emission centers, 
and traps of much greater depth which provide electrons only for the 
blue-line emission centers (in thermoluminescence and stimulated 
phosphorescence). The shallow traps are filled preferentially when the 
absorption takes place in the near u.v. and violet bands, while 
(‘lectrons excited by radiation of wavelengths below 3000A have a 
greater probability of being caught in the deeper traps. Finally, the 
blue-line emission centers contain some sort of metastable states which 
are responsible for the short blue afterglow. The conditions in green 
fluorescent diamonds are similar, except that no emission correspon- 
ding to the yellow bands seems to occur in their afterglow. 

169. Radioluminescence and Radiophot oluminescence.^^ A part 
of the difficulty in ascertaining the origm of the luminescence of many 
minerals is due to the fact that their optical properties may have 
undergone an alteration by the influence of a long-lasting radioactive 
irradiation. This alteration can occur either in the base material itself 
or in impurity atoms embedded in the base material. Laboratory 
experiments prove that there is no essential difference between the 
transformation produced in crystals by radioactive rays, x-rays, 
cathode rays, and short -wavelength u.v., with the single exception 
that some of these radiations penetrate into the interior while others 
are absorbed in a thin surface layer In general, modification II, which 
is formed following the irradiation and which is always more or less 
discolored, is not very stable and can be reconverted into the normal 
modification I by heat treatment and frequently also by irradiation 
with light of certain frequencies As a matter of fact, all radiations 
producing the conversion from I to II produce the inverse effect to 
some degree since the discoloration, under the action of a constant, 
irradiation, reaches a saturation value which cannot be exceeded and 
which corresponds to the state where the restoring effect counter- 
balances the discoloring effect (JJ09). 
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If the discolored modification II is photoluminescent, it is raised 
by light absorption into a third state III (F) of still greater energy and 
smaller stability, from which it returns to II with emission of light 
If the luminescence is partly phosphorescence, a quasi-stable state 
III (M) must be reached from III (JF), corresponding to the transition 
from F to M in the previous energy-level diagrams for phosphor- 
escence processes. 

Phenomena of this kind haYe been designated by Przibram as 
“radiophotoluminescence” and all minerals which owe their color 
and their photoluminescence to a preceding exposure to radium rays 
are radiophotoluminescent, according to this terminology In principle , 
the excitation of photoluminescence can be repeated indefinitely with 
a sample of a discolored crystal if the exciting radiation has no 
efficiency in restoring modification I of the crystal In many cases — 
for instance, in that of “pure” rock salt and “pure” calcite — the 
normal, colorless modification I is not photoluminescent. Nonetheless, 
the conversion of modification I to the colored modification II is not 
only accompanied by light emission, but the same is also true for the 
subsequent restoration of modification I by heat treatment (radio- 
luminescence and radiothermolqminescence in Przibram’s nomen- 
clature). As far as the spectra of these various emission processes have 
been investigated, they seem to coincide with that of the photolumi- 
nescence which is excited by light absorption in modification II and 
correspond, therefore, to the transition from III (F) to II {1308, ijog, 

1315)- 

If this interpretation is correct, it must be assumed that the 
energy released in the “restoring” process II I is transferred to 
centers which are still in state II, thus exciting their characteristic 
fluorescence. 

Results obtained by Wiedemann and Schmidt prove that this 
does not hold in all instances. In analogy to Przibram’s terminology 
the phenomena which they observed should be called “cathodo- 
thermoluminescence.” They exposed crystal phosphors, such as im- 
purity-activated sulfates or carbonates, to the action of cathode rays. 
The crystals were photoluminescent before they were introduced into 
the cathode-ray bulb ; they were also luminescent during the exposure 
to the electron bombardment. Moreover, they were discolored by this 
treatment and became thermoluminescent: by a subsequent rise in 
temperature they were induced to emit a strong luminescence. The 
emission spectra of the original photoluminescence, the cathodo- 
luminescence, and of the thermoluitiinescence were identical. The 
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emission must be ascribed, therefore, to the transition from the excited 
state II (F) (which is reached by light absorption) to the ground state I. 
On the other hand, the crystals were not rendered thermoluminescent 
by irradiation with light exciting the photoluminescence. Thus, it 
must be assumed that in these cases the light emission originates from 
the unstable state II (F) [with its phosphorescent state II (Af)], 
while a higher quasi-stable state III, which is reached by electron 
bombardment, has a much greater stability than II (M) and becomes 
unstable only at elevated temperatures. The return from III to the 
ground state either occurs in two stages via II, so that the process 
leads eventually to the light-emitting transition II ->1, or a part of 
the energy released by the direct transition from III to I serves to 
raise other centers from the ground state I to the ‘‘fluorescent state” 
II (F), with subsequent emission of “thermoluminescence” [ 1835 ). 

Rock salt and other alkali halides which have been discolored 
by exposure to x-rays, jS- and y-rays, or cathode rays are best known 
examples of typical radiophotoluminescence. Formation of F-centers 
with their new absorption bands (in the blue for NaCl, in the yellow- 
green for KCl, etc *) and the photoconductivity which is excited by 
light absorption in the F-centers and leads to the formation of F'- 
centers has been discussed in Section 156. Samples of natural yellow 
rock salt, with all the characteristic properties of NaCl which has been 
discolored by x-rays, have been found in various locations ; it is very 
probable that they owe their color to the presence of a weak radio- 
active substance in the soil ( 1312 ). The data assembled in Section 156 
for the photoconductivity of impurity-activated crystals referred 
almost exclusively to yellow rock salt The phosphorescence which can 
be excited in these crystals was ascribed originally to the primary 
conversion of F-centers to F'-centers and the subsequent return to the 
“ground state” represented by the F-centers. It is doubtful, however, 
whether the relation between the two phenomena is so simple 
Although the presence of F-centers in the crystal is essential for the 
excitation of the luminescence, the emission process may be connected 
with some other centers which, on their part, may have been produced 
by the preceding x-ray irradiation . A phenomenon of this type appears 
very clearly in discolored fluorites and calcites containing rare 
earths (Section 170). 

It is well known that after exposure to x-rays, alkali halide 
crystals emit a weak phosphorescence which sometimes lasts several 

♦ In transmitted light the color of NaCl and KCl containing Feenters is, 
therefore, yellow and purple, respectively. 
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hours and even days. Using a u.v. sensitive photon counter, Diatschen- 
ko measured the wavelength of this luminescence and found, in 
addition to a weak visible emission, a u.v. phosphorescence which, in 
the case of yellow rock salt, had a mean lifetime of three minutes. 
When the crystals arc heated or irradiated with blue light, which is 
absorbed by the i^Ventcrs of yellow rock salt, the intensity of the u.v. 
phosphorescence is greatly enhanced and under these conditions the 
wavelength of its peak at 2450A could be determined with a spectro- 
photometer. The response to stimulating visible light exhibits a time 
lag which is small at the beginning of the decay period but increases as 
the decay of the phosphorescence progresses {300 ,382 ,4gg) , 

For the observation of the luminescence which was stimulated 
by irradiation of yellow rock salt with blue light, Kudrjawzewa used 
a photon counter in which the photoelectrons could be decelerated by 
variable negative potentials applied to a grid. By this method she 
obtained the peak in the fluorescence spectrum near 2500A and, more- 
over, a second fainter intensity maximum at 1500A. She assumed that 
electrons which had been raised from F-centers to a higher level b\' 
absorption of blue light and had dropped from there into a “hole” in 
the ground state of the lattice produced this short-wavelength 
emission band. Although such a process may occur under these con- 
ditions, it can hardly be admitted that the phenomenon was actually 
registered by Kudrjawzewa. Not only is the change in slope of the 
curve representing the photocurrent as a function of the applied 
potential at — 8.2 volts very small, but it is inconceivable that light 
of 1500A should be able to enter the counter cell through a quartz, 
window after having traveled through some distance inside of the 
rock-salt plate and through a layer of atmospheric air (83ya). 

According to Urbach, the visible photoluminescence bands of 
NaCl, KBr, RbCl, RbBr, and CsCl which are discolored by exposure to 
x-rays or and y-rays are all in the blue-green, with intensity maxima 
between 5000 and 5200A. WTile the F-absorption band of NaCl has 
its peak at 4700A, the F-bands of RbCl, NaBr, and RbBr lie at 6240, 
6360, and 7200A, respectively. Thus, the emission of a band at 5100A 
would require very appreciable excess energy if it is stimulated b\’ 
F-band absorption. On the other hand, the luminescence of discolored 
NaCl has all the characteristics of a genuine phosphorescence when it is 
excited by irradiation with blue light : it is “frozen in” at temperatures 
slightly below room temperature, and it can be stimulated by an 
increase in temperature or by irradiation with infrared light. If a 
sample of yellow rock salt is irradiated with blue light at 0° C and is 
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then heated to 150° C together with another sample of the same 
origin, only the first one emits its stored luminescence energy, which 
decays according to an exponential law. If, subsequently, both 
samples are heated to 300° C, both become thermoluminescent and 
the energy released in this process is again provided by the destruction 
of F-centers, which is rendered visible by a loss of color ( 172 -^, 7725 ). 

Moreover, the blue-green fluorescence of 3 ^ellow NaCl is excited 
with appreciable intensity but without afterglow by irradiating the 
crystals only with red or infrared light. If the phosphorescence of the 
crystal has been excited beforehand b}’' irradiation with blue light, the 
subsequent “stimulating” irradiation with r(;d light produces an 
appreciably larger light sum than would have been obtained without 
the “stimulation.” The most plausible interpretation of these manifold 
large deviations from vStokes’ law seems to be the assumption that the 
electrons which have been released from T'-centers, T' '-centers, or 
other traps can return to the ground state of the crystal with sub- 
sequent light emission. A part of the electrons set free by absorption 
of blue light is captured in jp'-centers from which they are released 
spontaneously by temperature fluctuations (phosphorescence) or by 
irradiation with red light (stimulated phosphorescence). By irradiation 
with red light alone, electrons must be released either from /^"-centers 
or from traps of an unknown nature without reaching the conduction 
band and being able to form ^'centers. Since /^'-centers are very 
unstable at room temj^erature, with lifetimes not exceeding a few 
seconds, the thermoluminescence which is “driven out” by heating 
the crystals to 300° C must be due to electrons which are released 
from F-centers. In all these cases the energy for the emission process 
is provided by the permanent disappearance of F-centers. This does 
not necessarily mean that the return of an electron from an F-center 
to its normal location in the lattice immediately gives rise to the light 
emission, but the energy can be transferred by exciton migration to 
any kind of emission centers present in the crystal (ijog ) . 

By a mechanism of a similar kind, the various luminescence 
phenomena which are obtained with the mineral kunzite can be 
interpreted. Spodumene, kunzite, and hiddenitc are natural lithium 
aluminum silicates, the first being colorless, the second light purple, 
and the' third green. The coloring matter may be some impurity, 
probably manganese. After irradiation with visible light kunzite 
emits a reddish phosphorescence of short duration; if exposed to 
radium rays it is converted to hiddenite. This green modification 
emits a phosphorescence with exactly the same spectrum as that of 
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the purple modification, but of much longer duration. Simultaneously, 
the initial color of kunzite is restored. This can be achieved, also by 
heating the green crystals to a temperature not exceeding 250° C . 
By firing them at 500° C, kunzite and hiddenite become colorless, but 
subsequent exposure to radium rays reproduces the green color of 
hiddenite and the whole cycle can be repeated at will. In this case, 
it seems quite certain that the unknown centers which produce the 
purple color of kunzite are the carriers of all luminescence processes 
(Tiogjjis). 

Hackmanite, a sodium aluminum silicate of the sodalite group 
[Na 2 (AlCl)AJ 2 (wSi 04 ) 3 ], exists in two unstable modifications: the 
colorless crystals acquire a deep purplish -red hue under u.v. irradiation 
and lose the color again in the dark. The reversal to the colorless state 
is greatly accelerated by exposure to light of wavelengths between 
4500 and 7500A, while infrared radiation is ineffective. The discolo- 
ration by u.v. is accompanied by a bright orange fluorescence and 
followed by a blue phosphorescence ; the latter may be connected with 
the restoration of the colorless state of the crystal. It is uncertain 
whether these phenomena are due to very small traces of manganese 
and other impurities (such as lead, lithium, gallium, etc.) which are 
always present in the mineral or to processes occurring in the complex 
structure of the base material (Sysajojja). 

Permanent plastic deformation, also, is able to produce some 
kind of phosphorescence centers in alkali halide crystals. When a 
crystal of “pure” potassium bromide is exposed to a uniform pressure 
of 2 kg per sq cm, lattice deficiencies due to this treatment cause an 
enhancement of the long-wavelength tail of the fundamental absorp- 
tion band, which has its edge at 2050A in the nonperturbed crystal. A 
similar but even stronger effect is produced by heating the crystal to 
700° C (only 28° below the melting point) for an hour in atmospheric 
air. In the latter case, the absorption band stretches well beyond 
3000A with two selective maxima at 2200 and 2650A. If these crystals 
are irradiated with light of wavelengths below 2140A, they emit a 
fairly strong fluorescence with a continuous spectrum reaching from 
3000 to 5000A {1310,1354,1725), 

170. Fluorites. Very numerous samples of natural fluorites are 
fluorescent. While the best specimens of this mineral are colorless and 
transparent to light of wavelengths down to 1240A, most of the fluo- 
rescent crystals are slightly colored: light blue, violet, or greenish. 
Fluorites without any visible color are also fluorescent, sometimes ; 
however, perfectly pure synthetic CaFg is as little luminescent as the 
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natural specimens transmitting the Schumann u.v Various impurities 
are supposed to be the carriers of the luminescence in the other 
crystals (1139). 

A green emission band which is observed frequently in fluorites 
is probably identical with that obtained from manganese-activated 
synthetic CaFg. Some fluorites exhibit a different green fluorescence, 
with a spectrum consisting of a series of discrete maxima; since th(" 
same bands are observed in the fluorescence spectrum of CaFg ac- 
tivated with uranyl oxide, they must be ascribed to traces of uranium 
contained in the crystals.* On the other hand, a very bright yellowish 
fluorescence of certain fluorites, which at first become black and then 
colorless by heat treatment, almost certainly originates from som(‘ 
hydrocarbons enclosed in the minerals (567). 

It can be assumed that natural fluorites are activated by a great 
variety of admixtures; by far the most interesting among these are 
the rare-earth metals. Chlorophane, fluorites from Weardale (England), 
yttrium fluorites from Norway, and many other samples emit line 
spectra characteristic of trivalent rare-earth ions when they are 
irradiated with ultraviolet light. In some crystals these line spectra are 
obtained only after the mineral has been heated, while no rare-earth 
fluorescence can be produced by any treatment in other fluorites, 
although the presence of even relatively large amounts of rare-earth 
metals can be ascertained by other kinds of spectral analysis. This last 
observation shows that the way in which the activator is incorporated 
in the base material determines its fluorescence properties. 

Morse was the first to investigate systematically the line spectra 
appearing in the fluorescence of certain fluorites (1905) (^057); a 
little later, Urbain succeeded in preparing a synthetic calcium fluoride 
activated with gadolinium, terbium, dysprosium, and samarium which 
under cathode-ray bombardment, emitted, a spectrum identical in all 
details with the photoluminescence spectrum of Morse’s natural 
chlorophane. Urbain mentions that in experiments performed by 
Watteville the same luminescence was excited by irradiating these 
specimens with the radiation from a spark discharge {1728). A series of 
S5Tithetic samples of CaFg, each containing a single rare earth, made 
it possible for Przibram and his collaborators to ascribe the individual 
lines to the various elements ; moreover, they showed that the lumi- 

* Uranium has been proved by fluorescence analysis to be present oc- 
casionally in other minerals, such as hyalite (opal), bolivarite, scapolite 
(wernerite), etc. According to Hemegger, uranium admixtures of 10“"^^ g can 
be ascertained by this method (604). 



662 


CRYSTAL PHOSPHORS 


nescence can also be excited by irradiation with near u.v. Table 139 
gives Przibram’s identification of the main visible emission lines of 
a Norwegian 3;^ttrium fluorite as an example.* Since the spectrum was 
obtained with a glass spectrograph on plates not sensitized for the 
infrared, the u.v. gadolinium lines which are present m practically all 
chlorophane fluorescence spectra (3146, 3130, 3123, and 3115A) and 
the long-wavelength lines of samarium and europium are missing. 
Many of the identifications in Table 139 are questionable; they agree 
only in a few cases (marked in the table by asterisks) with the figures 
published by Chatterjee, who made the most thorough investigation of 
the fluorescence spectra of synthetic CaFg and YF3 activated with a 
single rare-earth metal (Sm, Eu, Tb, Er, and Dy; see Section 140). 


Table 139 

Fluorescence Lines of Rare-Earth Ions in the Fluorescence 
Spectrum of an Yttrium Fluorite (after Przibram) 
(Wavelengths in A) 


Wavelength 

Ran; earth 

Wavelength 

Rare earth 

4120 

Tb 

5390 

'fb 

4150 

Tb 

5455 

Tb 

4340 

Tb 

550()» 

Er 

4400 

Tb 

5600 

Tb 

4520 

Tb 

5675* 

Sm 

4570 

Tb 

5705 

Sm 

4780* 

Dy? 

5745* 

Dy 

4835 

Tb 

5830 

Tb (Dy) 

4885* 

Tb 

5895* 

Eu 

4955* 

Dy? 

6065* 

Sm 

5222 

Er 



5300 

Er 




Some of the discrepancies may be due to the fact that Chatterjee 
workedwith pure CaFgandpureYbFg as base materials, while Przibram’s 
data refer to a natural yttrium fluorite as defined in the footnote on 
this page. According to Chatterjee, the fluorescence spectra of Eu+++ 
embedded in CaFg and in YF^ differ considerably, and although the 
properties of natural yttrium fluorite are probably closer to those of 
europium-activated calcium fluoride, the presence of 10% yttrium 

* In “yttrium fluorite'’ from 10 to 20% of CaFg are replaced by YbFg; the 
crystals have the structure of CaFg with yttrium taking the place of calcium in^ 
the surface-centered cubic lattice. 
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fluoride may have an appreciable influence on the spectrum. However, 
the emission spectrum of terbium-activated CaP^ consists only of 
several line groups between 4870 and 6800A and there is no trace of 
the violet and blue lines which are ascribed to Tb in the first column 
of Table 139 ( 2 x 7 , 56 ^). 

The main difficulty in the correct identification of the fluo- 
rescence lines of natural fluorites is caused, of course, by the fact that 
the spectra represent the (probably incompletelv resolved) super- 
position of several complicated multip)let spectra. In the region 
between 4700 and 6400A, Morse measured more than 200 lines in the* 
fluorescence spectra of two fluorite specimens. 

If the luminescence is excited by the short-wavelength u.v. 
radiation (A < 2300A) which is emitted by sparks between various 
metal electrodes, the intensity distribution in the luminescenci' 
spectrum depends greatly on the metal of the electrodes and, thus, on 
the wavelengths of the ('xciting light. Table 140 shows the typical 
example of the strong line group between 5710 and 5760A obtained by 
Morse with one of his fluorite specimens. Some of the minor deviations 
in the wavelengths -- for instance, in the spectra excited by the Fe-, 
Cd-, and Al-sparks - might be caused by errors of measurements, 
although this cannot be taken for granted because of a disagreement 
between Morse’s figures and those obtained by Nisi and Miyamoto 
with a different specimen. The large differences in the intensity’ 
distribution of the three lines occurring in Table 140 prove unequi- 
vocally that at least some of the apparently single lines are produced 
by the superposition of two or even more inde];>endent lines belonging 
to different spectra and that these spectra respond with unequal 
intensities to the various exciting spark lines. A further argument in 
favor of this assumption is provided by the fact that the two sharp 
lines 5715 and 5736A were excited by the Mg-spark in another.fluorite 

Table 1^40 

The Influence of the Exciting Wavelength on a Line Group of 
THE Luminescence Spectrum of Chlorophane 

(Wavelengths in A; intensities in parentheses are estimated) 


Electrode metal 


Mg 

Fc 

■ c3 1 

A1 

Zn 

1 Carbon arc 

5715(2) 

5736(100) 

5715(20) 

5727(5) 

5737(7) 

5711(20) 

5723(10) 

5737(3) 

5710(20) 

5720(8) 

5732(3) 

5720(2) 

5743(2) 

5760(2) 

5733(100) 
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specimen investigated by Morse, while in this case the Cd-spark did 
not excite the three lines listed in Table 140 (losy ,1058,1 ijg). 

No data concerning the absorption spectra of the rare-earth ions 
in the far u.v. (below 2300A) are available. In the absorption spectrum 
of a fluorite, Yoshimura found a number of selective absorption bands 
in the near u.v. at 3640, 3370, 3070, 2820, 2740, and 2620A, but no 
relation between the appearance of these bands and the presence of 
rare earths in the crystals has been proved to exist. 

The rare-earth lines in the luminescence spectra of fluorites are, 
in general, much sharper than analogous lines from other phosphors 
activated with rare-earth metals. At — 180° C some of the lines — for 
instance, the Eu+++-line at 5736A which appears with great intensity 
in the luminescence spectra of many fluorites — has a half width of 
less than 0.1 A. It is natural that in thermoluminescence spectra of 
fluorites — for instance, those published recently by Imori and Iwase 
- the lines are broadened and even overlap, forming continuous 
bands, since these spectra can be observed only at relatively high 
temperatures {644). 

The optical sensitivity of the various rare earths embedded in 
fluorites differs as widely as in other phosphors. Praseodymium and 
erbium, which are frequently present in relatively great quantities, 
give rise to their characteristic lines if the crystals are free from other 
rare-earth metals. However, if they contain even small traces of 
terbium and dysprosium, the lines of praseodymium and erbium are 
almost completely suppressed and the lines of terbium and dysprosium 
have much greater intensities in the emission spectrum. Even the 
relative intensities of the lines belonging to the same element depend 
on the specific conditions — for instance, the concentration of the 
activator. Thus, the gadolinium lines 3115-3123A retain their full 
intensity at the lowest gadolinium concentrations, while the closely 
adjacent lines 3132-3146A, which are quite as bright as the others at 
greater concentrations, disappear completely at low concentrations. 

These observations which at first seemed to be very strange are 
explained by the fact that the first group is very strong in the emission 
and absorption spectra (compaje Tabl^ 93), and is therefore, weakened, 
by self-reversal at high concentrations. The second group is practically 
missing in the absorption spectrum and is weak in the emission 
spectrum, so that it attains an appreciable intensity only at high 
concentrations. 

The emission lines of the trivalent rare earths appear, also, in 
the afterglow of fluorites, but here again the behavior of the various 
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lines is dissimilar. WTiile certain lines are observed in the phosphor- 
escence spectrum at room temperature, others are still frozen in under 
these conditions, the energy of excitation being stored over very long 
periods of time. Samples which have been kept in the dark for several 
weeks exhibit a brilliant thermoluminescence when they are heated, 
and the lines which are emitted in this thermoluminescence were 
missing in the preceding phosphorescence at room temperature. Thus, 
the thermoluminescence spectra obtained by Morse contain many 
more lines in the blue and violet region than the phosphorescence 
spectra of the same specimens at room temperature. Complete 
deactivation of such fluorites occurs in some cases only at tempc^ratures 
at which the crystals are discolored. After this treatment the fluo- 
rescence spectra of the fluorites are frequently essentially different 
from their previous appearance. If a crystal has become colorless 
after having been heated to very high tempcTatUres, the fluorescence 
due to the rare earths is destroyed, but it can be restored by exposure 
to x-rays or radium rays. 

At room temperature many natural fluorites exhibit a broad blue 
fluorescence band (peak at 4290A) and a red band (6200 A), and at low 
temperatures, a similar red band and a strong green band (peak at 
5700A). These bands are due to the presence of the divalent ions of 
europium, samarium, ytterbium, and thulium (see Section 143). If the 
fluorescence spectrum of a natural fluorite or of s^mthetic CaP'g con- 
sists only of the lines characteristic of the trivalent rare-earth ions, 
these lines are to a great extent suppressed after the crystal has been 
exposed to the radiation from a radioactive source ; in the fluorescence 



Fig. 217. Absorption bands of CaFg discolored by 
exposure to Ca- vapor (Mollwo). 

which can be excited subsequently by irradiation with near u.v., the 
bands of divalent ions predominate {1311,1313), By action of the 
P* and y-rays a part of the trivalent rare-earth ions are converted to 
Pringsheim 24 • 
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divalent ions. Simultaneously, the crystal is discolored, and in this 
instance it is proved unambiguously that the production of color 



4000 5000 6000 A 


Fig. 218. Absorption bands of natural 
fluorite discolored by exposure to 
radium rays (Eysank). 

(7?) Crystal exhibiting the r<^d 
Sm'^“^-band: (1) after 22 hours 
exposure to ^-ray irradiation. 

(2) after being kept in the dark 
subsequently for 2 days. (3) after 
15 minutes exposure to the radia- 
tion from a quartz mercury lamp. 

(B) Crystal exhibiting the blue 
Eu’’"'^ -fluorescence band: (1) im- 
mediately after irradiation with 
fi-rays, (2) after several hours 
exposure to daylight. 

mechanism as that of F-centers in 


centers (JF'-centers) and of new 
emission centers is not directly 
connected. Even when calcium 
fluoride contains no rare-earth 
metals, the F-centers are pro- 
duced in the crystals either by 
irradiation with x-rays and jS- 
and y-rays or by heating them 
in an atmosphere of Ca-vapor. 
lugure 217 shows the absorption 
spectrum of “pure” calcium 
fluoride containing F-centers ; if 
the crystals are not quenched 
after the heat treatment in cal- 
cium vapor, but are allowed to 
cool slowly, the two selective 
absorption maxima a and j8 in 
Figure 217 are replaced by a 
broader band y (dotted line in 
Figure 217), which is ascribed 
by Mollwo to the formation of 
colloidal particles. Due to the 
presence of this latter band in 
the absorption spectrum the 
color of the crystals in transmit- 
ted light becomes purple (lo^id). 

Figure 218 shows the ab- 
sorption bands of two samples 
of natural fluorites which, after 
exposure to radium, exhibit the 
blue and the red fluorescence 
band, respectively.* The for- 
mation of color centers in cal- 
cium fluorite is due to the same 
the alkali halides: by the bom- 


bardment, electrons are released from F~-ions in the lattice and 


♦ The minor dissimilarities in curves i? and B are fortuitous; there are 
specimens of fluorites with blue and with red fluorescence and completely 
identical absorption spectra. 
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some are trapped in vacant lattice points (Section 1 56) while others 
are caught by the trivalent rare-earth ions, converting them to 
divalent ions. The formation of the color centers is thus due to 
alteration of the base material, while the appearance of new emission 
bands is due to an alteration of the activating metal. Light absorption 
in the newly formed F-centers excites the fluorescence of the new 
emission centers (576, 560-56^, 7x5,759, 

The color centers formed in CaFg by the action of x-rays or 
and y-rays are not very stable, as 
shown by comparing curves and 
R 2 and of and in Figure 218. 

Even in the dark the. color dis- 
appears slowly (jRj and R 2 ); the 0.4 
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Fig. 219. Absorption spectrum 
of a colorless natural fluorite 
[Przibram (jjop)]. 

1 : before irradiation. 2 : after 
exposure to radium rays. 

3: after subsequent irradia- 
tion with near u.v. at 
- 60*^ C for 1 minute. 


process is accelerated by exposure 
to daylight {B^ and B 2 ), and irradi- 
ation with the light from a mercury 
arc discolors the crystal almost com- 
pletely in fifteen minutes (R^), In 
the latter case, a part of the liber- 
ated energy is transferred to still 
existing emission centers and re- 
emitted as “radiophotolumines- 
cence.” If the crystals containing 
color centers are irradiated with 
near-u.v. light, the F-centers are 
converted to F '-centers which give 
rise to a new absorption band at 

greater wavelengths (curve 3 in Figure 219). A subsequent heat 
treatment restores the original F-centers (ijog). 

No quantitative data are available for the efficiency with which 
the energy of the F' -> F conversion is transferred to ' ‘emission 
centers” under these conditions. If the curves of Figures 218 and .2 19 
should correspond to the behavior characteristic of all luminescent 
crystals which contain F-centers, they would represent the complete 
separation of the two fundamental phenomena occurring in radio- 
photoluminescence : the first is an irreversible process in which F- 
centers are destroyed by the absorption of radiation of relatively great 
wavelength and the released energy is partially transferred to emission 
centers, and the second is the excitation of normal photoluminescence 
which is terminated by the return of the F'-centers to their initial state 
F so that they can be excited again. 
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If natural fluorites are heated to 180° C after having been exposed 
to x-rays, they emit, apart from their visible thermoluminescence, 
one or two bands in the near u.v. The specimens which were investiga- 
ted by Rwatschew came from various locations and were of two types. 
Certain samples, with a visible phosphorescence band between 4500 
and 5300A and a weaker band at 5800A, exhibited only a single u.v. 
band at 3000A. In other samples the emission spectrum contained the 
same bands, although of appreciably smaller intensity, and, moreover, 
a strong band in the yellow-green with peaks at 5330 and 5460A and 
a second u.v. band at 2800A. Rwatschew identifies the yellow-green 
band with Przibram's Yb++-band and therefore also ascribes the band 
at 2800 A to the presence of divalent ytterbium [1403). 

The fundamental absorption band of pure fluorite crystals begins 
at 1250 A with a very steep slope, so that light of shorter wavelengths 
is absorbed in a thin surface layer. Lau and Reichenheim observed 
that the fluorite window of a hydrogen discharge tube showed a strong 
green phosphorescence lasting more than 30 minutes after being 
exposed to the hydrogen radiation. The spectrum con.sisted of three 
pairs of narrow bands at 5850/5750, 5510/5380, and 4790/4720A, 
which could not be identified with the bands of a rare earth. Simul- 
taneously, the crystal underwent an irreversible transformation, 
metallic calcium being set free on the surface. In this case the exciting 
radiation was certainly absorbed by the unperturbed base material 
itself, while no interpretation of the emission process can be given. On 
the other hand, two lines at 3133 and 3144A, which Lyman observed 
in the fluorescence spectrum of another sample of clear fluorite 
excited by the radiation from a hydrogen discharge, can be ascribed 
with certainty to Gd+++, while the origin of a continuous band 
between 2450 and 3810A and a third line 3812A is not known (870, 

965)- 

The presence of radioactive substances can be ascertained in 
many natural fluorites and pleochroic halos are not infrequently 
observed in such minerals. Since, on the average, the color of natural 
fluorites are the deeper, the stronger is their radioactivity, Przibram 
assumes that the color and the luminescence of most varieties of 
fluorspar, rock salt, sylvite, and many other minerals is caused by a 
long-lasting exposure to radioactive radiation and that, therefore, 
most of the luminescence phenomena obtained with natural minerals 
belong to the class which he calls radiophotoluminescence and radio- 
thermoluminescence. 

The example of the luminescence of fluorites, which has been 
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investigated very thoroughly, shows once more the great complexity 
of the phenomena occurring in crystal phosphors. Although the 
history of fluorescence begins with the investigation of fluorspar, 
which provided the name of the phenomenon , its treatment as the very 
last case in a book which attempts to interpret photoluminescence on 
the basis of modern theory is not without some justification. 
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SUBJECT INDEX 


The following abbreviations are used in the index for frequently recurring 

words: , . 

abs. absorption 

cryst. crystal, in the crystalline state 

diss. dissociation 

fl. fluorescence, fluorescent 

lum. luminescence, luminescent 

ph. phosphorescence, phosphorescent 

poL polarization, polarized 

qu. quenching 

R. resonance (radiation) 

sol. in solution 

l.t. life time 

vap. vapor, in the vapor state 

Elements and inorganic compounds are listed under their chemical symbols 
(e.g., CuClg and ZnS(Mn)), even if in the text the full names are used. Organic 
compounds are listed under their usual names {e.g., benzene, diphenyltetraene, 
etc.). 


A 

A 

fl. 48 

Absolute wavelength (of ph. bands) 
603, 604 
Acenaphthene 
sol. fl. 334 
Acetaldehyde 
vap. fl. 258-260 
Acetic acid 

vap. photodiss, 280 
Acetone 

sol. fl, 432, 433 
vap. fl. 255, 258, 259 
Acetophenone 
vap. fl. 269 
Acridine 

sol. fl. 363, 415, 419, 423, 454 
dyes sol. fl. 384 
orange sol. fl. 382 
red sol. fl. 423 
yellow sol. fl. 423 
Acrid one 
sol. fl. 326 
Acriflavine 
sol. fl. 423 
vap. ft. 273, 274 

Actinodielectric effect (in phosphors) 
535 


Ag 

fl. in glass 507 
in phosphors 

CaS 594, 603, 604 
KCl 548 
NaBr 548 
NaCl 616, 617, 623 
SrS 561 

ZnS 519, 522, 526, 530, 539, 544, 
564, 565, 571, 576, 597, 609 
Zn,CdS 558, 584, 600, 605, 607 
vap. R. doublet 33, 209 
sensitized fl. 125 
AgCl 

cryst. fl. 627 
Ag halides 
vap. fl. 187 
Agl 

vap. photodiss. 208-211 
Al- phosphors 
AIN 630, 633 
Al(0H,F)2Si04 640 
AI 2 O 3 386.-522. 630, 631, 638-640, 642 
AlgSiOg 522, 640 

Al-sulfate organophosphors 436, 444 
Alexandrite 
fl. 640, 646 
Aliphatic ketones 
sol. fl. 432 


773 



774 


SUBJECT INDEX 


Alizanthrene violet 
sol. fl. 41 v5 
Alkali halides 

cryst. 533, 536, 537, 556, 660 
phosphors 524, 548, 585, 616-628 
vap. photodiss. 208 
Alkaline earth phosphors 516, 518, 
555, 564, 594-605 
Alkaloids 

cryst. 11. 310, 399 
Allowed transitions 4 
in diatomic vap. 143 
in monatomic vap. 31 
in phos])liors 564 

in polyatomic molecules 245, 248, 
249, 256, 383 
Alloxazine 

sol. fl. 362, 417, 419, 429 
Aminobeiizal malonitrile 
cryst. 11. 398 

Aminocyanofuroic acid ester 
cryst. h. 418 

Aminonaphthalhydrazide (luminol) 
sol. fl. 362 

Analogous bands (in phosphors) 603, 
604 

Angular distribution 

(of fl. intensity) 74, 75, 210, 389, 390 
(of oscillators) 369. 370 
Anharmonic oscillator 134 
Anharmonicity (of vibrations) 137, 303 
Aniline 
sol. fl. 406 

vap. fl. 266, 267-269, 274, 275 
Anisidimi 
sol. fl. 406 
Ani.sol 

vap. fl. 268 

Anisotropic oscillator 63, 213-215, 
366-368, 370, 386 
Anomalous Zeeman effect 68, 75 
Anthracene 

cryst. fl. 365, 366, 386, 387, 398, 399, 
407 

sol. fl. 315, 318-320, 323, 333, 334, 
338, 349. 351, 356, 357, 361, 
373-375, 400, 404, 414, 451, 554 
vap. fl. 268, 269, 271-273, 309, 366 
Anthramine 
sol. fl. 414 
Anthraquinone 
vap. fl. 273, 274 
Anthrene 
dark blue 
sol. fl. 415 
dyes 


sol.fl. 415, 422 
Antioxidants 336, 343 
Anti-stokes 

bands of aniline vap. 275 
of Cd 2 vap. 236 
of Hg 2 vap. 231 
of ruby 642 
fl. 3, 6 

of dye sol- 381 

lines (members) in R. spectra 
Ag -halide vap. 188 
Big vap. 184, 185 
HD 187 

Ig vap. 152, 156-160, 162, 168 
Nag vap. 171, 172, 174, 175 
Sg, Scg, Tcg vap. 180 
Antisym metrical oscillations (vibra- 
tions) 248, 249, 262, 263, 439 
state (of hoinonuclear molecules) 
143 

Aragonite 520 

Aromatic hydrocarbons 310, 333, 334, 
338, 349, 356, 3.57, 361, 365, 387, 
394, 441, 455 
As 

in ZiigSiC^-phospliors 547 
vap. fl. 35 

Asg 

vap. fl. 185 
Astrophysics 38 
Asymmetrical oscillator 486 
Atomic beam 53, 58, 62, 84 
radii 525 

Attraction curves 150, 181, 223 
Auramine 
sol. fl. 422 

Autorcsonance 162, 164, 175 
Auxiliary activator 545, 547, 560 
Auxochrjme groups 394, 

Azo dyes 384 
Azoflavine 
sol. fl. 417 


B 

BN-phosphor 630, 632, 633 
Ba-phosphors 
BaF, 473 

BaO** 469, 517, 596, 598, 610 
BaS 469, 473, 516, 528, 598, 602 
BaSe 594, 598 
Balmer lines 38, 47 
Band systems 136, 138, 140 
Barium platinum cyanide. See Cyano- 
platinites 
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Base material (in phosphors) 287, 521, 
528. 531 . 532, 542, 557, 570, 598-600, 
618, 630, 655 
Beam fl. 50. 238, 239 
Becquerel phosphoroscope 10, 11, 14. 

59,291,461 ^ 

Be -phosphors 
BeAl204 639, 640 
R^gAlgSiOg 640 
BogNg 630, 632 
BeC) 469, 473 
BeS 469 

Beer's law 314, 347, 353 
Bcnzaldehyde 
sol. fl. 452, 457 
vap. fl. 269, 270 
Benzanthracene' 

sol. fl. 318 334. 357 
Benzene 

cryst. fl. 358, 399, 402-404 
sol. fl. 303, 334, 338, 349, 358, 393, 
397, 402, 403, 406, 441, 449, 451, 
454 

vap. fl. 261-266, 274, 275 
Benzidine 
vap. fl. 269 
Benzochrysene 
sol. fl. 411 
Benzofuran 
sol. fl. 420 
Benzoic acid 
sol. fl. 451 
Benzopyrene 

cryst. 410, 412, 413 
sol. fl. 318. 334, 357, 410, 411 
vap. fl. 269. 272, 273, 410 
Bi 

in phosphors 
BaO 598 
BaS 598 
BaSe 598 
CaO, CaSe 598 

CaS 525, 538, 540, 547, 550, 559, 
560, 57.3-577, 588. 590-595, 
598, 603 
SrO 594, 598 

SrS 545, 546, 5.54, 560, 561, 593, 
597, 598 
SrSe 598 
vap. fl, 35. 185 
(in Bilg vap.) 278 
Bi2 

vap. fl. 184, 185 
Bil 

vap. photodiss. 21 1 


Bilg 

vap. photoaiss. 278 
Biacetvl 

sol. fl. 432, 433, 442 
vap. fl. 255-260 
Bibenzyl 

cryst. fl. 405 
.sol. fl. 406 
Bilirubin 
cry.st. fl. 428 

Bimolecular afterglow 572 
decay curves 514 
mechanism 510 
process 511, 549, 575, 589 
reactions 5, 294, 573 
Biphenyl 

sol. fl. 404-406 
vap. fl. 269, 270 
Biradicals 439 

Birefring' nce patterns (in diamond) 
650 

Bohr's theory 1, 45, 93, 169 
Bonm'llino 
sol. fl. 427 
Borate 

glasses fl. 506 
phosphors 523, 628, 629 
Boric acid (phosphors) 297, 311, 349, 
358, 4.35, 4.36, 444, 453-456 
Brg 
fl. 168 

vap. H. spc'ctra 167, 196 
Branches P, Q, R (of bands) 139, 141, 
144, 145, 154, 155, 163, 215-217 
Bromonaphthalene 
sol. fl. 451 

Brownian movement 212, 370 
rotation 375, 377, 390 
Butyraldehyde 
vap. fl. 258, 260 


C 

C in BN-phosphor 632, 633 
in SiSg-phosphor 632 
Cg radical 
vap. fl. 190 
CH 

fl. 190. 

CH+ 
fl. 190 
CN 

fl. 190, 191, 205, 221, 280. 281 



776 


SUBJECT INDEX 


CO 

fl. 187. 218 

in alkali halide phosphors 625 
CO-^ fl. 190 
CO2 250, 252 
Ca 

vap. K. 33, 65, 66, 83 
CaO “pure" cryst. 

fl. 531, 539. 565, 566, 608, 609 
Ca -phosphors 

CaCOs 518, 561, 647 
Ca, CdS 601 

CaF^ 466, 472, 473, 628, 661 
Calj 628 

CaMoO^ 526, 532, 634, 635 
CaO 468, 469-471, 473, 531, 598 
CaO, S 561 
Ca3(P04), 629 

CaS 468-470, 523, 525, 528, 530, 
538-540. 546, 547, 550, 559-561, 
573-577. 588, 590-595, 598, 602-603 
Ca.SrS 468-471, 600 
CaSe 598 
CaSiOg 616 
Caa(Al.Cr) (8104)3 ^40 
Ca.SrSiOg 616 
CaS04 473. 519 

CaW04 501. 526, 532, 539, 548, 566, 
567, 583, 634-636, 646 
Cag (P04)2 - organophosphor 429 
Cage effect 308, 326 

fl. 518, 520, 561, €47, 657 
Caledone jade green 
fl. 415 

Canary glass 295. 311, 371, 377, 379, 
391, 497 
Carbazole 
cryst. 416 
sol. fl. 419 

Carbonyl group 270, 392, 434 
Carcinogenic compounds 413 
Carotene 428-430 
Cathodolum. 458, 628, 656 
Cathodothermolum . 656 
Cd 

in glasses fi. 507 
vap. fl. 43, 44, 102 
R. 33 

pol. 64-66, 77-79 
q. 106, 112. 113. 119, 120 
sensitized 125, 129, 133, 237 
l.t. 59. 83. 84 

Cd, vap. fl. 228, 235-237, 239 
CdD 

vap. fl. 219 


CdH 

vap. fl. 119, 219 
Cd -halide 

vap. photodiss. fl. 276, 277 
Cd -phosphors 
CdAl204 632 

CdBaOg 529, 539, 555, 565. 583, 628, 
629 

CdljSlO, 566 
Cdg (P04)2 628, 629 
CdS 597 
CdS04 633, 634 

CdSiOg 526, 539. 547, 555, 583, 613 
CdTe 597 

CdWO* 498, 636, 637 
CdS *'purc" cryst. 

fl. 565, 606, 608, 609 
CdZn 

vap. fl. 237 
Ce++ 
fl. 479 

in Cdg (P 04 )a 629 
Ce+++ salts 

cryst. fl. 465, 476 
in calcite 561 
in glass 507 

ph. in SrS 545, 546, 576, 588, 597 
sol. 475, 476 
Cellophane 383 
Cement phosphors 455 
Center molecules 520, 579 
theory 543 
Chemilum. 342, 524 
Chlorin 
fl. 426 

Chlorobenzene 
vap. 268 

Chloronaphthalene 
sol. fl. 450, 451 
Chlorophane 
fl. 661-663 
Chlorophenol 
vap. fl. 269 
Chlorophyll 

in plants fl. 343, 344, 427, 428 
sol. fl. 308, 321, 333. 335, 343, 373. 

381, 382, 384, 427. 428 
sol. ph, 291 
Cholanthrene 
sol. fl. 413 

Chromatographic method 399 
Chromophors 392, 393, 415 
Chrysene 
sol. fl, 374 

Circular pol. 68, 70. 73, 74, 106, 107, 
216, 367 
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Circularly poL light 67, 103, 105, 216, 
645 
CI2 

vap. fl. 168 

Co q. in phosphors 526 
Collision, sec also KlJcciwe-, Exciting-, 
Gas kinetic-, Kinetic, Quenching-, 
and Transferring-. 
broadening (of lin< s) 53, 92, 04, 113 
damping 62, 92, 93 
of the second kind 38, 51, 90, 163, 
175, 181, 337, 311, 350 
quenching 200, 324, 356 
Comet tail 
fl.. 190, 191 
Compton effecf 62 

Concentration of dyes in g/ec and 
moh'/litcr 347 

Concentration qn. vSee St'lf-qu. 
Conduction band (in crystals) 511, 
533. 534, 510, 542, 516, 518. .549. 
551, 552, 556, 558, 563-566, 573 
Configuration qu. 321, 358 
Ckmservation of momentum 113, 119, 
192, 564 

Contact method (of ph. ]nv})aration) 
523, 526 

Convergence limit (of bands) 199 
Co pro por } ) h y r i n 
sol. fl. 42.5 

Core excitation (of Ugg) 227-231, 233 
Corl phosphine 
sol. 11. 353 
Cornu method 19 
Coronene 
sol. fl. 425 

Corundum 522, 647, 648 
Coupling case a, b 142 
Coumatin derivatives 
sol. fl. 417 
Cr vap. 11. 130, 131 
Cr+++ 

in phosphors AI0O3 386, 509, 522, 
525. 638-642 
BcAlgO^ 639, 640 
Cxa^O^ 630, 640 
LiF 628 

MgAlgO^ 639, 610 
MgO 639, 640, 642, G43 
ZnAljO^ 639. 640 
Cresol 

sol. fl. 406. 451 
vap, fl. 268. 269 
Cristobalite 611 
Cro.ssed filters 21 
spectra 21, 35 

Pringsheim 28 


Cross .section. Sec Depot., Effective, 
Gas kinetic, Inelastic, Kinetic, 
Quenching. 

Crystal phosphor 287, 289, 364, 366, 
456, 471, .502, 508-669 
Crystal violet 

sol. fl. 310, 317, 443, 446, 447, 457 
Cs 

vap. fl. 36, 98 
K. 79 

C/Sg 

vap. fl. 176 
CsCl 

cryst. ph. 617, 622, 658 
Csl 

(Tvst. fl. 624 
vap. abs. 209 
C'ai 

in phosj)hors BaS 602 
CaS 539, 590 
Cat'dS 601 
CdSe.S 543, 597 
CdTc' 597 
HgS 597 
NaCl 616, 623 

ZnS 539-542, 544, 545, 547, 562, 
564, 571-573, 576-579, 583, 
584, 590, 597. 599, 609 
Zn,CdS .558, 576, 583, 584, 597, 
600, 601 
/n,CdSe,S 543 
ZnCdS,Te 597 
ZnS.T(‘ 597 
Ziife 597 
vap. R 33, 279 
CuCl 

ervst. fl. 627 
vap. fl. 189, 279 
CuCl 2 

vap. photo diss. 189, 279 
Cul 

photo diss. 211 
vaj:). fl. 189 
Culg 

photo diss. 189 
Cyanine dyes 
cryst. fl. 360 

sol. fl. 339. 360, 366, 384, 421 
Cvanite 
"^fl. 640, 647 
Cy a n opl a t i n i t c s 

ervst. fl. 287, 293, 205, 319, 320, 
373, 376, 386, 388, 399. 502-504 
sol. fl. 309, 310, 502 
Cyclohexane 
fl. 433, 434 
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Cyclohexanone 
sol. fl. 432 

B 

Dj (heavy hydrogen) 187 
-bands (of cryst. phosphors) 528, 535, 
538, 539. 542, 561, 602-604 
-centci^ 543 
-maxima 530, 587, 589 
D-lincs 

abs. in Na vap. 313 
fl. in Nag vap. 169, 175, 207, 208, 
238, 239, 241 
in Nal vap. 209-211 
in night sky 49 
R. in Na vap, 32 
h.f.s. 54 

line width 53, 94 
pol. 68-70, 74, 76, 78, 83, 103, 
105-108 

sensitized fl. 126 
Dark interval 231, 232, 293 
Decacyclene 
cryst. fl. 399 
sol. fl. 415 

Docapentcnc-dicarbonic acid dimethyl 
ester 

sol, fl. 430 
Degree of pol. 18, 81 
apparent 19, 81, 383 
adsorbed dyes fl. 375, 383, 390 
canary glass fl. 377 
cryst. fl. 386 
diamond fl. 389 

monatomic vap. fl. 66, 69, 72, 76-81, 
83, 102, 103 
ruby fl. 644 

sol. fl. 368, 370, 373-376, 379, 380- 
382, 444 

uranyl salt fl. 489 

vap. band fl. 213-217, 234, 237, 241, 
272 

Depol. 18, 102, 352 
cross section 103, 217 
efficiency 103, 217 
in magnetic fields 79-85, 89, 104, 
105 

Diaminoanthraquinone 
vap. fl. 273, 274 
Diamond 
fl. 389, 648-655 
Diatomic radicals 
vap. fl. 204 
Dianthracene 356 
Dia zonaphthalidene 
sol. fl. 414 


Dibenzanthraccne 
cryst. fl. 387 
sol. fl. 410, 411 
Dibenzocoronene • 
sol. fl. 410 
Dibenzofiiran 
sol. fl. 416 
Dibenzylcthylenc 
sol. fl. 406 
Dichlorobenzcne 
abs. 441 

Dichroism 367, 383-387, 644 
Did ym him 
glass fl. 477 
Dielectric constant 

(D.K. effect) 542, 543, 596, 597 
of phosphors 542, 596. 603, 604 
of sol. 337, 400 
Dielectric polarization 535 
Dicthylketone 
sol. fl. 433 
vap. fl. 258 
Diethyl-y;-cyanine 
sol, fl. 360 

Diethvl-y)-thiacyanine 
sol.'^fl. 360 

Diffusion coefficient (of mctastable 
Hg) 111, 112 
Dihydroanthracenc 
sol. fl. 414, 415 
Dihydrobenzofuran 
cryst. and .sol. fl. 420 
Dimers (of dyes) 354, 356. 358 
Dimerization 356, 358, 397 
Dimethy Idlloxa zinc 
sol. ft. 397 
Dimethylami ne 
vap. fl. 268 

Dimcthylaminophcnylcinnamonitrile 
cryst. fl. 398, 399 
Dimethylbenzcinthracene 
sol. fl. 357 

Dimethylnaphtheurhodine 
sol. fl. 400 
l^inap hthocoronene 
sol. fl. 410 
Dioxane fl. 433 
Diphenylamine 
sol. fl. 406 
vap. fl. 269 
Diphenylbutadiene 
sol. abs. fl. 431 
Diphenyldihydroanthraccne 
sol. fl. 397 
Diphenylhexatriene 
sol. fl. 430 
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Diphenyl ether 
sol. fl. 406 
Diphenylni ethane 
sol. fi. 404, 406 
Diphcnylmethane dyes 
fl. 421, 422 
Diphenyloctatetraenc 
^ sol. cryst. fl. 432 
vap. fl. 269 
Diphenyl oxide 
sol. fl. 419 
Diphenyl polyenes 
abs. 429 

cryst. fl. 398, 399, 431 
sol. fl. 305, 429. 430, 431 
vap. fl. 270 

Dipole, electric 3, 4, 388, 391, 457, 637 
magnetic 4, 388, 391 
inoment 105, 106, 108. 400 
radiation 4 
Dodecahexaene 
sol. fl. 431 

Dodec.apentai'noic acid 
sol. fl. 429. 432 

Dominant activator (in cryst. 

phosphor) 545, 560 
Doppler effect 37. 49, 51, 62. 99. 109, 
126, 128, 210, 245 
width (of lines) 38, 52-54, 210 
Doublets (in 1^-spt'ctra) 140, 141, 173, 
177, 186, 193 

Doublet separation (in R-spectra) 139, 
152, 154, 156, 163, 168, 186 
Durol 

sol. fl. 406 
Dy+++ 

fl. 458, 463 
in CaFg 661, 662, 664 
in Ca3(P04)2 629 
sol. fl. 471, 472 

£ 

Effective collisions 314, 322, 323 
cross section 60, 91, 92, 95, 97, 100, 
104, 107, 111, 114, 120, 192, 194, 
201, 323, 350 

radius 91, 107, 108, 110, 126, 326 
volume 324, 352 
Egg shell 
fl. 428 

Eigenfunctions 

of colliding atoms 240 
of harmonic oscillator 148 
of HD 187 
of I2 156 

Pringsheim 28* 


Elliptical pol. 89, 367 
Emerald 

fl. 640, 645, 646 

Energy bands (in cryst.) 532, 533 
resonance (quantum mechanical R.) 
92, 97. 99, 104, 116, 124, 125, 131, 
235, 392, 534 
term scheme 29 
yield 6 
of fl. 313 

of pb. 583, 584, 586, 590 
Eosin cryst. 398 

organophosphors 446, 454 
sol. fl. 347, 423 

qu. 323, 328, 332, 333, 335 
pol. 379. 382 
reversible bleaching 337 
selfqu. 353, 354 
sensitizing 338, 342. 343 
yield 306, 316, 318 
sol. ph. 291, 333, 349, 446, 454 
Er 

in CaF2 473, 662, 664 
in LaoOo 
ph. 472 
sol. fl. 475 
Erythrosin 

sol. fl. 316, 318, 319, 333, 335, 338, 
347, 372, 373, 376, 423, 447 
sol. ph. 291, 333, 445, 446, 447, 454 
Esculin 

sol. fl. 17, 328, 329, 349, 379, 382. 
383, 143, 446, 447, 457 
Ethanol 
fl. 434 

vap. photodiss. 280 
Ethylamine 

vap. fl. 258, 260 
Ethylbenzene 

vap. fl. 268, 269, 275 
Ethylcholanthrene 
sol. fl. 414 

Ethylene -c ya nid e -monoxa 1 - e thy 1 es t er 
sol. fl. 432 

Ethyl methyl ketone 
vap. fl. 258, 260 
Etioporphyrin 

sol. fl. 315, 425, 426 
Eu compounds 321 
salicylaldehyde 288 
salts 288, 322, 388 
Eu"^ ion 
fl. 

in alkali halide 478, 479 
in CaFg 665, 666 
in EuClj 479 
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in feldspar 647 
in SrF* 479 
Eu**^ ions 

fi. 292. 391, 458-461. 463-467 
in cryst. phosphors 473, 559 
alkali halides 623 
CaF, 465. 467. 662, 664 
CaS 560 
I-ajOj 471. 472 
SrS 539. 545. 546. 560, 598 
SrS.O 597 
SrSe 576. 597 
YFa 662 
Euchrysine 

adsorbed fl. 384 
sol. fl. 347. 421. 423 
Even elements 28, 144 
Even isotopes 56. 58. 60. 64, 77, 96. 121 
Even states 31, 143 
Excitation spectrum 21 

cryst. phosphors 527, 528, 530, 547, 
556, 557, 561. 622 
diamond 649, 651, 653 
Hg, vap. 228 

organic vap. 254, 274, 275 
sol. 306, 369, 474 

Excited abs. (cryst. phosphors) 539, 
540, 545, 589 

Exciting abs. (cryst. phosphors) 587, 
589, 591 

Exciton (migration) 289, 366, 533, 
534. 548, 659 

Exponential curves (decay) 255, 293, 
294, 298, 444, 510, 511, 513, 514, 
567, 568, 570, 574, 580, 581. 626 
Exponential law of decay 3-5, 435, 659 
of abs. 50, 57 

F 

F~cg n tc rs 

in alkali halides 522, 534-536, 617, 
624, 657-659 
in CaFj 666, 667 
F"-centers 536, 657. 659, 667 
Fe 

in cryst. phosphors 525, 630 
in glass 507 
vap. fi. 130, 131 
Feldspar 
fl. 647 
Filter glass 
fl. 507 

First order decay 516 
-process 5, 293 
-reaction 511, 512, 515, 668 


Fl. and ph. (definition) 5, 290 
Fl. abs. 312 

Fl. of long duration sec slow fl. 

Fl. strength 347, 349. 363 
Fl. yield 6 

cyanoplatinidcs 308, 309, 502 
diphenyl polyenes 430 
formaldehyde vap. 259 
He,Hg R. 51 
hydrocarbons 405, 407 
KCl (Tl) 586 
NaR. 51,110 

orpnic sol. 286, 310, 313-322, 397 
influence of concentration 355, 
357, 358 
of isomerism 396 
of^H 361-364 
of substitution 394, 395 
of qu. 325, 331. 332, 334, 335, 
338. 341, 343, 400, 445 
rare earths 460 
uranyl salts 481, 495 
Fluorescent blue 
sol. fl. 34*. 343, 421 
Fluorite 648, 660-669 
Fluorobcnzcnc 
vap. fl. 268, 269 
Fluorocyclcne 
cryst. fl. 398 
sol. fi. 409 

Fliiorogcn 393, 394, 415. 418 
Fluorometcr 10, 14-16, 60, 61, 212, 
241, 293, 373 
Fluorophotometer 17 
Fluoro toluene 
vap. fl. 269 

Flux (in cryst. phosphors) 517, 518, 
594, 597, 602, 606, 611 
Forbidden lines (transitions) 4 
in atomic vapors 30, 31, 32 
Hg 43. 59, 99, 231, 290-292 
Na 37 
Pb 98. 650 
Tl 34 

in diamond 650 
in diatomic vap. 143 
in ions 

Cr+++ 567, 657 
Mn++ 568 

rare earth metals 460, 465, 477 
in organic molecules 249, 250, 291, 
382, 438. 456, 457 
benzene 261 
formaldehyde 254, 256 
in uranyl salts 481 
Forbidden zone (in cryst.) 532, 559 
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Formic acid 

vap. photodiss. 280 
Formaldehyde 
sol. fl. 335 

vap. fl. 248, 249, 254, 255. 258 
Fortrat parabola (diagram) 138, 139, 
154-156 

Franck's principle 91, 93. 99, 116, 118, 
125, 148 

Franck-Condon principb' 120, 145, 
147, 148, 173, 174, 226. 240, 245. 
246, 249, 250, 292, 300, 436, 439, 556 
Frauenhofor lines 191 
Fre.sncrs law 371 

Frozen in (ph.) 293. 436, 454. 540. 543. 

549, 568, 598, 658, 665 
Fuchsin 
sol. fl. 422 

Fundamental (abs.) band (in cryst.) 
533, 539, 542. 557, 558, 563, 600, 
606, 607, 668 
Furan 

vap. abs. 260 

G 


Ga 

vap. fl. 279 
Gal3 

vap. photoaiss. 279 
GagOg-phosphor 638-642 
Gas 

kinetic collision 60, 91, 212 
cross section 91, 111, 114, 194 
radius 108, 110 
Gau,ssian curve 306, 531 
distribution 52 
Gd+++ 

cryst, salts fl. 463, 464 
fl. 458, 459 

in cryst. phosphors 473, 558 
in 662, 664, 668 

sol. fl. 471, 474 
salicylate fl. 288 
Geiger-Muller counter 17 
Geometrical reflection (of Hg R.) 242 
Glasses fl. 377, 476, 498, 505-507 
Glass tears 506 
Glow curve 553-556, 575, 580 
Glycocoll 
sol. fl. 456 
Glyoxal 
vap. fl. 258 

Grotian diagram 29, 31, 36, 40, 46, 68, 
127 


Gypsum 
fl. 519, 648 

H 

H R. 47 

Hg 

R-spectrum 186 

sensitized photodiss. 118, 119, 220 
HD 

R-spc'ctnim 187 

HgO 

photodiss. 280 
vap. fl. 253 (sc(' water) 

Hackmanite fl. 660 
Halite 
fl. 647 

Harmonic oscillator 134,136.147,148, 
174 

Hauptspectra (of aromatic com- 
pounds) 453 
He 

fl. 37, 46, 51 
R. 45, 98 

Heat of activation 
of chem. reaction 321 
of ph. 295 

in organophosphors 438, 440,442, 
443 

in crystal phosphors 549, 551, 
552, 555, 575 
of c^u. 320 

Heat of dissociation of diatomic 
molecules 146 
of Hg 119 
Hgg 224, 225 

Ig 161 

metal halides 210, 21!, 276 
rare gas -Hg molecules 222 
Heat of formation 
of Kg 176 
of NH 221 
Heavy benzene 
vap. fl. 261, 262 
vap. R-spectrum 265 
Hematin 426 
Hematoporphyrin 
adsorbed fl. 401 
sol. fl. 425, 426 
sol. ph. 349, 454 

Heterochromatic photometry 17, 308, 
315 

Heterocyclic compounds 
sol. fl. 415-419 
vap. fl. 273 

Heteropolymerized molecules 360 
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Hexachlorobutadienc sol. fl. 452 
Hg 

coll, and qu. 90. 94-102, 109-112, 
118-120, 123. 128, 129 
ph. 290 

pol. 64-68, 71-76, 102-104, 107, 108 
Rayleigh scattering 241-243 
sensitizing fl. 124-133. 218-221 
Stark effect 86-89 
81-83, 86 

stepwise exc. fl. 39-44. 47, 84, 87 
slow fl. 290, 291 

vap. R.33. 48-62. 223, 239, 290 

Hr 

R. in Hgig-vap. 278 

vap. fl. 130, 133, 224, 226-237. 239 
molecules 61. 102, 128, 129 
HgCl, 

cryst. fl. 501, 566 
HgD 
fl. 219 
HgH 

fl. 119, 206, 219, 220 
Hg -halides 

vap. fl. 204, 205, 221, 276, 211 , 279 
Hgin 

vap. abs. 238 
ITg-rare gas 
fl. 223 

HgS phosphor 597 
HgTl 

vap.fl. 128, 129, 235, 237 
llgZn-molecules 130, 238 
lliddenite 
fl. 659, 660 

High temperature bands (of phosphor) 
598 

Hippuric acid 
sol. fl. 456 

Homologous lines (in uranyl spcctra)48l 
Homonuclear molecules 144 
1 Icrmoncs 
fl. 429 

Hydrocarbon fl. in CaFg 661 
Hydroquinone 
sol. fl. 454 

Hydroxy ben zoic acid 
sol. fl. 406 
Hydroxycoumarin 
sol. fl. 397 

Hyperbolic curves (decay of ph.) 5, 
511, 571, 576, 581 

Hyperfine structure (h.f.s.) 21, 28, 
54-58, 64, 65, 69-71, 74-79, 82. 85, 
96. 97. 121 


I 

I 

atomic lines 161, 162, 199 
R. line 208 
I2 

fl. 90. 158, 165-168, 195-201, 204, 
212, 216-218, 251 
R. spectra 

visible 149, 152-160, 168, 171, 216 
u.v. 161-165 

qu. 193, 194, 196-199. 213 
vap. abs. speclrum 151, 161 
IBr vap. fl. 168, 169 
ICl molecules 169 
ICN 

photodiss. 280 

I-N2 

vap. fl. 222 

Imprisoned radiation 60-62, 110, 113, 
289 

In vap. fl. 

Hg-.sensitized 126-128 
in HgIn vap. 238 
in star spectra 34 
Irig 

vap. abs. bands 186 
Indaiithrene dyes 415 
Indicator fl. 364 
Indigo 

blue vap. fl. 273, 274 
red vap. fl. 373, 374 
vap. fl. 273-275 

Indirectly excited slow fl. 292. 311, 
382, 568, 569 
Indol 

vap. fl. 260 
Induced prediss. 
in condensed systems 285 
in dieitomic vap. 192, 198-201, 203, 
207, 218 

in polyatomic vap. 247, 281 
Induction curve (ph.) 512, 567, 570, 571 
deficiency (ph.) 578 
period ph. 12, 13, 296, 512, 542, 568, 
577, 578 

photosynthesis 345, 346 
Infrared bands 136 
frequencies 407 
lines 462 
radiation 218 
spectrum of diamond 649 
Inner photoelectric effect 510 
recombination 278 
Integrating screen 17, 308 
Intercombination lines 31, 42, 59, 83, 
106 
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transition 
in I 2 167, 213 
in organic compounds 439 
Internal conversion 245 
in anthracene 272 
biacetyl 257 

condensed systems 285, 314, 394 
crystal phosphors 533, 535, 541, 
555. 557-559, 563-567, 589 
dye sol. 317, 31 9. 339, 355, 420. 430 
hydrocarbon sol. 321, 340 
organophosphors 436-438, 454 
polyatomic vap. 246, 247, 253, 254 
Internal photoelectric effect 289, 365 
qu. 314 

semsitization 270, 288 
Interstitial atoms 506, 519, 521, 525, 
529, 597, 605 

Inverted multiple t 459, 461 
lodcnaphthalene 
sol. fi. 451 
Ionic molecules 209 
strength 323, 325 
Iris blue 
sol. fl. 332 
Isocyanine 

adsorbed fl. 401 
cryst. fl. 360, 398 

sol. fl. 347. 359, 360, 424, 430, 448 
Isomer 272, 395 
Isomerism 395, 397 
Isomethylbixin 
fl. 432 
Isotopes 
Br 168 
Cd 77 
Cl 204 

Hg 55, 56, 59, 60. 75, 76, 82. 96. 106, 
121 

N 482, 483, 485 
O 482, 483, 485 
S 179, 180 
So 179, 180 
Tc 179, 180 
T1 78 

U 482, 485 
Zn 58 

Isotropic oscillator 75, 81 , 366, 367 


K 

K 

vap. R. 33 
K2 

R-spcctra 172, 175, 176 
vap. fl. 217 


K-halide phosphors 518, 524, 526, 529, 
548, 551 . 552. 554, 555, 564, 580, 581 
spectra 617-624, 625-627 
yield 585-588 
KNa 

vap. fl. 170, 172, 175 
Kekule structure (of benzene) 392, 422 
Kerr cell fluofometcr 14-16, 378 
Killers (in phosphor) 562, 563, 593 
Kinetic collisions 91, 95, 112 
cro.ss sections 205, 212, 251 
radii 126 
Kirchhofl's law 9 
Kuntzite 
ph. 659, 660 

L 

sol. fl. 475, 476 
LagOg-phosphor 472 
La-salts cryst. 

non fl. 465, 471 
Lambert's law 389, 390 
I.>ambda-type doubling 144, 151 
Langevin molecule 368 
Larmor precession (frequency) 80, 
84-86 

lattice vibrations (oscillations) in 
cryst. 404, 471, 486, 605, 642, 650, 
652 

Laut’s violet (thionine) 336 
Layer lattice structure 519 
Lead glass 506 

Lenard phosphor 519, 525, 530, 531, 
542, 543, 518, 550, 557, 564, 579, 
587, 588, 594, 596-599, 601, 602, 638 
Leuco dye 337 

malachite -green 336 
Li 

vap. R. 32 
Lig 

vap. fl. 176 
LiCl sol. fl. 500 
LiF-phosphors 498, 628 
Li -halide 

vap. photodiss. 211 
Life time (of excited state) 3, 6, 7 
anthracene 271, 373, 375 
atomic vap. 32, 58, 80-85, 94, 103, 
104, 371 

mctastable states 59, 60, 100, 101, 
219 

diatomic vap. 198, 212-214, 232 
aye sol. 293, 315, 316, 353, 370, 371. 
373, 376, 378, 381 
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cryst. phosphors 289, 513, 514, 551, 
555 

organophosphors 435, 436, 438, 444 
polyatomic vap. 251, 266 
uranyl salts 316. 317 
Light sum 298, 573, 574, 578. 585, 587, 
588, 590-592, 595 
Lime glass 507 
Linear oscillator 370, 386 
Lissajou movement 246. 438 
Living plants 
fl. 343-345, 428 

Logarithmic curves (decay) 444, 569, 
580, 581 

Lommcl’s law 389, 390 
Lorentz-Drude theory 3, 4, 63 
Lorentz triplet 64, 84, 86 
Low temperature bands (of phosphor) 
598 

Lumazinc 
sol. fl. 417 
Lamichrome 
fl. 429 
Lu mi flavine 
fl. 429 

Luminol fl. 362 
Luminophor 392 
Lum. yield 498 
Lycopene (cis and trans) 
fl. 397. 430, 432 
Lyman bana 186, 187 
lines 38, 47 

M 

w -bands 528, 557, 602 
-centers 543 
-process 528, 557, 602 
Magdala red 
sol. fl. 347, 379, 421, 423 
Magnetic dipole 4, 388, 391 

quantum number 28, 68, 76, 214 
Malachite green 336 

sol. fl. 310, 347, 380, 421-422, 446 
Malinowski method 55, 58, 86, 108 
Maxwell distribution 52, 206, 300 
Me (Lennan) -bands 165-168, 184, 194, 
196, 198, 218 
Meldola blue 
sol. fl. 310 

Merocyanine dyes 305, 430, 432 
Mesitylene 
vap. fl. 269 
Mesophases 384 
Metal halide 

vap. photodiss. 275, 277, 278 


Metastability 30 

Metastable atoms (states) 4, 60, 292 
biacetyl 255 
Cd 102 
Cr+++ 515 
He 45, 47 

Hg 39, 41. 47, 57. 59. 61, 99, 101, 
118, 132, 218 
Hgg 230 
I 161, 208 
Mn-^-^ 515, 568 
organic compounds 437, 456 
rare earth ions 515 
T1 208 

Metaloluic acid 
sol. fl. 452 
Methylacridone 
sol. fl. 416, 419 
Methylamin<‘ 
vap. fl. 268 
Methanol 

vap. photodiss. 280 
Mcthylaminocitraconic methylimide 
cryst. fl. 418, 419 
Methylcholanthrene 
sol. fl. 413, 414 
Methyl cyanide 
vap. photodiss. 280 
Methylene blue 
qu. 354 

sol. fl. 421, 423 
Methyl glyoxal 
vap. fl. 258 
Methyl ketone 
sol.'fl. 433 

Methylmercuric halides 
vap. photodiss. 279 
Methylna phthalcne 
vap. fl. 269 
Methyl violet 
sol. fl. 422 
Mg flame fl. 96 
phosphors 

MgAlgO^i 522, 631, 639 
MgjGeO^ 615 

MgO 468-470, 639, 640, 642, 
643 

MgS 469. 473, 528 
MgSiOg 616 
MggTiO^ 631, 632 
MgWO^ 529, 583, 635-637 
Minerals 646-651, 656, 668 
Mineral phosphor 508 
Mirror symmetry 302, 303, 431, 488 
Mixed phosphors 517, 559, 560, 595- 
600, 608 
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Mn 

in glasses fl. 506, 507 
in minerals 647, 659, 660 
in phosphors 
AgCl 627 

AI 2 O 3 630, 631, 647 
CaCOg 561, 647 
CaFa 661 
CaO 610 

CdBjOg 555, 565, 567, 583, 628, 
629 

Cdlg 519, 566, 567, 627 
Cfls(P04)2 628. 629 
CdS 597 
CdS04 634 

CdSiOg 555, 583, 615 
KCI 561, 623 
Mg 2 Gi 04 615 
MgSiOg ()16 
MgjTiO^ 631, 632 
NaCl 561, 623, 647 
Pbla 519, 566, 627 
TlCl 627 
ZnBgOg 548, 567 
2:n3(P04)2 628, 629 
ZnS 541, 542, 544, 545, 547, 562, 
564, 570, 573, 597-601 
Zn,CdS 597 
ZnSiOg 611 
ZnSigOg 555, 567, 611 
Zn2Si04 541, 549, 554, 555, 557, 
567, 569. 579, 580, 582-584, 
610-616, 647 

(Zn,Ba)2Si04 555, 567, 583, 614. 
615 

vap. fl. 35 
Mn-halides 
cryst. fl. 627 
MnS 

cryst. abs. 527 
Mn 2 Si 04 

cryst. fl. 616 
Molecular beam 23 
rotation 138 

Molybdates 287. 529, 634-636 
Moment of inertia 135, 157, 172, 217 
Monomolecular law (theory) of decay 
570, 589 

process 293, 510, 574 
reaction 581 

Mononaphtho-v>-thyacyaninc fl. 361 
Morse’s equation 147 
Multiplicity (of terms) 29 
Multipoles 4 
Mrozowski filter 55, 57 


N 

(in uranyl nitrate) 482, 483, 485 

N-m- 

fl. in n<‘bulas 38 

Nj 

fl. 184 

fl. 190 
NH 

fl. 189, 190, 221 
NH+ 
fl. 190 
NH 2 

fl. 280, 281 

NH3 

abs. 250 
fl. 219, 253 
photodiss. 280 
N2H4 

photodi.ss. 280 
NO 

fl. 187, 280 
NOg 

fl. 250, 251 
NgO 

photodiss. 280, 281 
Na 

vap. fl. 36, 98 
pol. 79, 106 
qu. 115 

sensitized 125, 126, 132 
F. 32, 48, 50, 53, 62, 238, 241 
collisions, qu. 94. 109, 114-117, 121, 
122 

h.f.s. 54, 11 , 85 

pol. 68-70, 78, 82, 103-108, 239 
Stark effect 87-89 
l.t. 58, 85 
yield 51 
Naj 

vap. molecules 169, 170, 208 
abs. 169, 174, 175, 208 ' 
fl. 169, 173, 212, 217 
photodiss. 208 

R. -spectra 145, 156,169-175, 207, 
213, 215 
Na>halides 

cryst, F-centers 536, 537, 657, 658 
phosphors 616-627 
vap. photodiss. 49, 113, 209-211 
Naphthacene 
cryst fl. 398 

fl.in cryst. anthracene 365,366,386, 
387, 399, 407 
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in cryst. benzopyrene 412 
in cryst. cholanthrene 413 
sol. 365, 409 

Naphthalic acid in organophosphors 
454-457 
Naphthalene 

cryst. fl. 398, 399, 407, 408 
organophosphor 408, 443, 449—451 
sensitizer 339-341 
sol. fl. 323, 333, 334, 338, 401, 407. 
409 

vap. fl. 269-271 
Naphthazarene 
vap. fl. 273 
Naphthionic acid 
fl. 349, 455 
a,^-N^phthol 

sol. fl. 329, 341, 414 
jS-Naphthol-sodium sulfonate 
sol. fl. 414 
a,/5-Naphthylamine 
sol. fl. 401, 414 
vap. fl. 268 

Natural width (of lines) 58, 79 
Nd -glass 

fl. 472, 477, 478 
phosphors 472, 473 
sol. fl. 475 
No 
fl. 47 
R. 48 

Nebulae 4, 38 
Negative pol. 

dye sol. fl. 369, 370, 380-382, 385 
Hg vap. fl. 71, 72, 106 
Ruby fl. 344 
T1 vap. fl. 70, 71, 73 
Ni in NaCl-phosphor 617, 618, 621 
623 

qu . in phosphor 526, 548 
Night sky 49 

Normal concentration (in phosphors) 
508, 594, 595, 600, 603 
Nuclear spin (momentum) 28, 75, 77, 
78, 144, 180 

0 

(in uranyl salts) 482, 483 
0-t+ (in nebulae) 38 
Og in alkali halide phosphors 626, 627 
R. -spectra 177, 196 
OH 

fl. 189, 190, 206, 219, 220, 280, 281 
Octahydroanthracene 
sol. fl. 414 


Octahydrofluorocyclene 
fl. 269 

Octatetraenc 
cryst. fl. 397 

Odd elements 28, 144 

isotopes 56, 59, 60, 64, 75, 77, 82, 
106, 179 
states 31 

Optimum concentration 349, 352, 525, 
613 

Organophosphors 429, 445, 456, 508, 
543 

Ortho heliiim 31 
fl. 38, 47. 51, 98 
R. 45, 51 

Orthoterms 144 

Oscillator strength 8, 58, 106 

Oscillograph phosphoroscope 13, 566, 
567, 584 

Oxide phosphors 598, 603 


P 

vap. fl, R. 185 
Paraffin 
fl. 434 

Paramagnetism (of metastable state) 
439 

Paraterms 144 
Parhelium 31, 37, 38, 47 
Partial pol. 19, 102 
Partial selection rule 131 
Paschen-Hack effect 64, 75, 77, 78 
Pb 

in glass fl. 507 
in phosphors 
AgCl 627 
BaS 530 
BaS(^ 594 
CaCOg 561 
CaO 610 
CaS 560 
CaWO^ 634 
Cdig 627 
CdS04 634 
KCl 561, 617 
NaCl 561, 616, 623, 647 
. SrS 560 

Zn3(P04)2 629 
ZnS 525, 547, 550, 597 
vap. fl. 34, 35, 97, 125, 131, 277 
Pbn vap. fl. R-spectra 185 
Pb^ complex ions fl. 286, 322, 500, 
620 
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PbCla 

cryst. fi. 501, 502 
Pb-halidcs 

vap. fi. and photodiss. 276, 277 
Pbl2(Mn) 
fi. 519, 506 
PbO(Sm) 
fl. 469 
PbS 04 (Sm) 
ph. 634 

Pb sensitizing ph. 518, 560, 561,623, 
634, 647 
Pentacene 

sol. fl. 407, 411 
Perylene 
sol. fl. 411 
vap. fl. 273 
of fl. sol. 361, 362, 364 
Phenanlhrene 

cryst. fl. 387, 398, 399, 407, 409 
sol. fl. 334, 374, 443. 457 
vap. fl. 272 
Phenol 
sol. fl. 406 
vap. fl. 266, 268, 269 
Phcnolphthalein 
sol. fl. 421, 422 
Phenosa fra nine 
sol. fl. 342 
Pheny la nthraccne 
sol. fl. 410 
Phosgene vap. 253 
Phloxin 

sol. fl. 291, 333 
Phosphate glass 506 
phosphors 628, 629 
Phosphorescence (definition) 5,290 
Phosphorescence centers 313, 587, 
589 

patterns (in diamond) 654 
yield 516, 582-593 

Phosphoroscope 10-13, 58, 59, 61, 
236, 377, 566, 570, 647 
Photochemilum. 222 
Photoconductive (photoelectric con- 
ductivity) 

anthracene 289, 365 
crystal phosphors 518, 535, 542, 544, 
549, 562, 563 
alkiili halides 548 
Ag-halides 565 
CaW04 548 
diamond 649 

silicate phosphors 538, 568 
sulfide phosphors 538, 539, 541, 
546 


JF-centers 535 
Photodiss. 

in comet tails 190, 191 
I 2 vap. 199, 208 

metal halide vap. 49, 208-211, 276- 
279 

Naj vap. 208 

polyatomic vap. 206, 244, 255, 260, 
280, 281 

uranyl salt sol. 304 
Photoelecliic cell (photocell) 17, 18, 
111, 315 

Photoelectric effect 365, 366, 509, 510, 
535. 538 

Photolum. 1, 9, 10, 253, 289, 290, 364, 
366, 465, 609, 646, 656, 657, 669 
Photolysis 121, 245, 260, 339, 340 
Photomultiplier 17, 18 
Photon counter 581 
Photo-oxidation 333, 336, 338 
Photosynthesis 343-346 
Phthalic acid 
fl. 454 

Phycocyanine 
fl. 427 

Phycoerythrine 
fl. 427 

Phylloerythrine 
fl. 427 

Pinacryptol yellow 
sol. fl. 328', 330 
Piperidine derivatives 
sol. 418 

Planck’s constant 2, 307 
Platinocyanides, see Cyanoplatinites. 
Pleochroie halo 668 
Poison (in phosphors) 526, 562, 563 
Polarization. See also Circular, Degree 
of; Elliptical; Negative; Partial. 

Pol. fl. 10, 18, 366, 369 
cyanoplatinites 371, 388 
Eu-salts 388 
ruby 389, 644 
sol. 352, 370-383 
uranyl salts 371, 386, 488, 489 
vap. band fl. 213, 214-218, 234, 236 
line fl. 72, 73, 133 
R. 63, 65-68, 82, 102-107, 239 
Polymers 
fl. 354, 359 
Polymerization 

of hydrocarbons 119, 120 
of dyes 339. 353-358, 360, 384 
Polymethine dyes 424 
Porphine 
fl. 424-426 
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Porphyrin 

metal complexes fl, 426 
sol. fl. 395, 425-428 
ph. 291 

Positive hole 534, 559, 561 
Potential curves 

colliding atoms 93, 94, 122, 123, 192, 
222, 223, 240 

condensed systems 300, 305, 340 
diatomic vap. 145-149 
Csl 209 
Brg 167, 170 
Hg2 224-227 
Ig 161, 162, 165 
Nag 170, 173, 207 
NO 281 

Sj 202 
Tea 181 

internal conversion 245, 246 
ph. 563 

Potential surface 122, 245, 246, 300 

Pr+++ 

fl. in fluorite 664 
in glass 477 

in phosphors 472, 473, 560. 561 
sol. 475 

fl. 479 

Predissociation 

condensed systems 285, 304, 314 
diatomic vap. 181, 182, 191, 192, 
198, 201-203 

polyatomic vap. 245, 247, 251—253, 
256, 257, 259, 265 
Primuline 

sol. fl. 384, 424 

Principal quantum number 27, 29 
Progressive ph. 297, 435, 448-451, 
455 

Propionaldehyde 
vap. fl. 258, 260 
Propylbenzene 
vap. fl. 269 

Pseudoconvergence 150 
Pseudofluctuations 182-184 
Pseudoisocyaninc 359, 385 
Pseudoisomers 447 
Pt ph. in AI2O3 630, 631 
PtCl2-dipyridyl fl. 504 
Pt(CN)*-— -ion 
fl. 504 
Pyrene 
sol. fl. 409 
Pyridine 

vap. abs. 260, 261 
derivatives sol. fl. 418 


Pyrrole 

vap. abs. 260 


Q 

Quadrupole (electric) 4, 391 
Quantum efficiency 307-309, 314, 583 
Quantum mechanical R. See Energy R. 
Quantum numbt'r 27-29, 88, 159, 163, 
214, 248, 638. See also Rotational, 
Spin, Vibrational, Magnetic. 
Quantum theory 3, 7, 63, 64 
Quantum yield 6, 250, 257, 314, 340, 
351, 396, 583-586, 590 
Quartz 
fl. 507 

Quasielastic force 3 
Quasistable state 292, 297, 333, 336, 
339, 452, 542, 543, 591 
Quenching collisions 9, 59, 60, 99, 108, 
118, 201. 204, 232, 251 
constant 6 

cross section 60, 101, 110, 112-117, 
120, 121, 203, 204, 212, 217 
efficiency 

in sol. 322, 323, 325, 327-329 
in vap. 101, 110 120. 121, 202, 
203, 205, 212, 258, 265 
probability 352 
spectra of ph. 540, 546 
transfer 353 
Quinine 
salts fl. 419 

sol. fl. 349, 363, 419, 454, 457 
.sulfate sol. fl. 323, 328-332, 347, 

. 361, 373, 379, 419 

Quinoline 

red sol. fl. 320, 362, 424 
sol. fl. 417, 419 
vap. fl. 260, 261 


R 

Radiation damping 54, 58, 62, 80 
Radiationless transition 181, 183, 257, 
437 

Radicals 
sol. fl. 392 

vap. fl. 189, 190, 206 
Radiolum. 656 

Radiophotolum. 655-659, 667, 668 
Radiothermolum. 656, 668 
Raman effect 253 

frequencies 305, 407, 431, 642, 643, 
651 
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lines 299 
spectrum 252 
Rare gases 
fl. 45, 47 

Rare gas-Hg molecules 95, 223 
Rare earth (metals) 286, 321, 458-477 
ions 295, 465, 474, 515, 528, 529. 
533, 657 

in phosphors 473, 558, 602, 634, 
661, 664, 667, 668 
salts 288, 310, 386, 465-477, 498, 
499 

Rayleigh scattering 7, 8, 53, 240-243, 
368 
Rb 

vap. fl. 79 

Rbj 

vap. fl. 176, 217 
Rb-halide 
R-bands 658 
phosphors 617, 620-625 
Rbl 

vap. photodiss. 211 
RbS phosphor 595, 596 
Reaction rate of qu. 324, 325 
Recoil (of excited atoms) 62 
Recombination afterglow 5, 512, 515, 
568, 573, 576 
process 581 

Repulsion curve 150, 181, 198,200,240, 
245 

Resolving power 
of glow curve 553 
of phosphoroscope 13 
Resonance (R.) radiation (definition) 
2. 7 

R. induction 342 

R. lamp 23. 51. 52, 58. 71, 76, 87, 95, 
97. 109, 111 
R. line 

of Cr+++ 639-645 

of monatomic vapors. See under Ag, 
Ca, Cd, H, He, Hg, I, K, Li, Na, 
Zn. 

in R -spectra 140 
in uranyl fl. spectra 482-484 
R. series (spectra) 140, 141, 145, 148, 
247, 249. See also under Ag-halides, 
Aniline, Benzene, AS]^, Bi^, 

HD, /j, Rg, KNa, Og, Plb,. 5g, 55a, 
5tfg, Te^, Tlj^t 

Resonating structures (of dye) 392 
Resorufin 
sol. fl. 373 
Retenc 
sol. fl. 414 


v'ap. fl. 273 

Retrapping 572, 573, 576, 577, 579 
Rh fl. in AlgOj 630 
Rheoninc 
sol. fl. 423 
Rhodarnine 
cryst. 398 
sol. fl. 421-424, 448 
pol. 373, 375, 379-381 
qu. 328, 330-333, 335 
self qu. 350, 351, 353, 355 
yield 316, 319, 320, 348 
Rhoduline orange sol. fl. 347, 382, 
446 

red sol. fl. 328 
Riboflavine 

sol. fl. 362, 428, 429 
Rock salt 657, 658, 668 
Rosamine 
sol. fl. 422 
Rose bengale 

sol. fl. 316, 318, 319, 347, 376, 423 
sol. ph. 291 

Rotation of plane of pol. 80, 85, 104 
Rotational doublets 139, 216, 244 
energy 134, 136, 190, 206, 220, 229 
levels 144, 191, 206 
quantum number 135, 139, 157, 180, 
190, 194, 200, 217, 218, 220 
temperature 191, 220 
Rubrene 
sol. fl, 320, 321 
vap. fl. 269, 273 

Ruby fl. 389, 509, 522, 525, 539, 566, 
631, 637, 640-647 
abs. 313, 644 

Russell-Saunders coupling 27 


S 

S, 

prediss. 181, 201 
R. -spectra 179, 180 
vap. fl. 177, 178, 201-203 
SOg 

vap. fl. 250-252 
Safranine 

sol. fl. 342, 421, 423 
Salicylic acid in organophosphor 456 
Salting out (effect) 359, 361 
Sapphire 
fl. 647 

Saturated ph. 297 
Saturation of ph. 577 
Savart plate 19 
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Sb 

in cryst. phosphors 

alkali halides 524, 621, 622 
CaO 610 
silicates 548 
sulfides 528 
vap. fl. 35, 185 

Sbg 

vap. fl. R, -scries 185 
Scheelito 
fi. 646 

Schumann-Rungc bands 177 
Schumann u.v. 507 
Se fl. in glass »507 
Sca 

prediss. 181 

R-spectra 179, 180, 204, 215 
vap. fl. 165, 177, 178, 181-183, 201, 
203 

Second order process 5, 592 
reaction 511, 514, 516, 549, 572, 573, 
580, 581 

Secondary quantum number 27 
Selection rules 

in atoms 30, 31, 42, 59, 106, 460 
diatomic vap. 135, 139, 183, 191, 
202 

organic compounds 257, 292, 437- 
439 

polyatomic vap. 247, 248, 250 
Sidenide phosphors 594, 596-598, 600 
Self-depolarization of fl. 378, 379 
Self-qu. 

sol. 349-351, 353-358, 361, 363. 379, 
397 

solid sol. 358, 407 

vap. 196, 197, 212, 213, 217, 258, 
265 

vSelf-revcrsal (of lines) 40, 50, 58, 126 
Sensitization (photographic plates) 338 
(photochem. process) 341, 342 
Sensitized chemilum. 505 

fl. aromatic compound vap. 274 
biacetyl vap. 259 
cryst. phosphors 559, 560 
diatomic vap. 218, 219, 222 
liquid sol. 289, 342 
monatomic vap. 97, 117, 124, 
125-133, 208, 234, 237, 527 
naphthaccnc solid sol. 343 
radicals 206, 277 

photochem. reaction 118, 340, 341, 
photodiss. 314 
Sensitizer 339, 561 
SiSg-phosphor 630, 632, 633 
Silicate glass 506, 507 


phosphor 525, 549, 610-616 
Siloxene 
fl. 287, 342, 505 

Singlets (in R-spcctra) 145, 173, 174, 
215 

Singlet states (in organic molecules) 
256, 257, 439 

Singiet-triplel transitions 437, 441, 442 
Slow fl. 290, 435, 436, 438, 456 
biacetyl sol. 442 
vap. 256 
diamond 654 
dyes adsorbed 384 

solid sol. 296, 297, 311. 358, 382, 
383, 391, 445. 454, 457 
MnClg 267 

organic compounds solid sol. 297, 
347, 439, 449, 452, 454, 455 
rare earths 295 
ruby 566 

uranyl salts 292, 295, 319, 377, 
481 

Sm+++ 

cryst. fl. 458-462 
in cryst. phosphors 473 
BaO. BaS, BeO 469 

CaFg 661, 662 

CaO 468-471 
CaO.S 561 

CaS 468-470, 559, 560, 602 
Ca, SrS 468-471, 600 
CaWO^ 539, 548, 566, 567, 636, 
646 

MgO, MgS, PbO 469 
PbSO^ 634 
SrO 469 

SrS 469, 539, 545, 546. 560, 576, 
588, 589, 597, 598 
SrS,0 597 
ZnS 469 
in glass 477 
sol. 471, 472, 474 

Sm++ 

fl. in CaSO^.NaCl.SrS 478-480, 566 
in calcite 647 
in fluorite 665, 666 
Smoluchowski’s theory (of Brownian 
rotation) 370, 373 

Sn in cryst. phosphors 524, 616, 618, 
621, 628 
Sn 

. vap. fl. 131 

Sn**"^ complex ion fl. 286, 500, 620 
Snl4 

photodiss. 278 
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Sodium naphthionatt' 
sol. fl. 328-331, 414 
Sodium salicylate 
sol. fl. 307 
Sodium sulfanilate 
sol. fl. 329 
Solution spe ctra 4r)0 
Solvent cpi. 318, 322 
Spatial orientation (of molecules) 213, 
217, 218, 385 

• quantization 75, 88, 213 
Spectroscopic stability 75, 214 
Sphalerite 519, 005 
Spin quantum numbeu* 27 
Spinel fl. 522, 031, 632, 640, 647 
Splitting (Lande) factory 04, 81 , 82, 80 
Spodunu ne 659 

Sjxmtan^ ous prediss. 191, 192, 202 
Sr-phosifliors 473. 590, 001 
SrAlgO,, 031 
SrCU 480 
Srh2‘406, 467, 479 
SrO 469, 594, 598, 010 
SrS 408-470, 523, 525, 528, 539, 545, 
540, 554, 500, 501, 570, 588, 589, 
593, 597. 598, 601, 603 
SrS,0 597 

SrSe 540, 550, 576. 597 
SrSiOg 616 

Stabilizing effect (of (ollisions) 247, 
285, 405 
Stark eflecl 

in vapors 86-88, 92 

rare ('arth ions 466, 467, 470, 471 
ruby 638, 645 

Stepwise excitation 38, 39, 42-44, 58, 
59, 71-74, 84, 96, 102, 106, 119, 231, 
237 

Stern-Gerlach effect 78 
Stern-Volmer equation (formula, law) 
90, 94, 110, 192, 198, 212, 213. 314, 
316, 318, 322, 331. 335, 343, 351 
Steubing bands 229 
Stilbamidine (as-, Ivans-) 
sol. fl. 396 

Stilbene (cis-, trans-) 395, 396, 429, 
431, 451, 452 
Stimulability 545 
Stimulated ph. 541, 655 
Stimulating light 541, 552 
Stimulation of ph. 540, 543, 550, 551, 
570, 577, 593, 596, 598, 654. 659 
Stimulation spectrum 545, 546, 553, 
555, 556 
Stoke s fl. 6 
bands 642 


displacement 441 

law 3. 6, 158. 232, 247, 267, 301, 379. 
659 

lines 163 
.shift 301, 556 
Stone e)f Bologna 516 
Stremgth of f»scillator 8 
Sulfide phosphe)rs 509, 530, 535, 543. 

587, 590, 598, 003, 005-609 
Supersonic wave fluorometer 14, 16 
Surface fl. 

of alkali halide s 623 
vap. 50, 178, 179, 196,197,238,250, 
390 

Swan bands 190 

Symmetrical state's (terms) 143, 144 
Symmetrical vibrations 248, 262-204, 
486 

Symmetry 

of electric fie'lei 466, 470 
eaf crystal 465 

Symmetry elements (of molecule*) 248 


T 

Tb+++ 

fl. 

cryst. 458-402 

in e.rvst. phosphors 473, 547, 001- 
664 

seal. 471, 474, 476 

To, 

prediss. 182 

R. -spectra 179, 181, 204, 216 
vap. fl. 165, 177, 178, 183,201,203, 
204 
Teeth 
fl. 429 

Teluride phosphor 597 
Terephthalic aciel 
slow fl. 454, 457 
Tetrahydroquiiioline 
sol. fl. 417 

Totramethylbenzene 
sol. fl, 334 

Tetraphenylanthraccno 
sol. fl. 410 

Tetraphenvlchlorin zinc complex 
fl. 426 

Tetraphcnyldihydroanthraccne 
sol. fl. 415 

Tetraphenylmethane 
cryst. ph. 447 

Thernicil equilibrium 4, 9, 34, 44, 220, 
267, 300, 340, 474, 551 
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Thermolum. 293, 654-657, 659, 664, 665 
Thioben zophenone 
fi. 441 

Thiophene vap. abs. 260 
Thiochrome 
sol. fl. 428 
Thionine 

sol. fl. 336, 347, 353-355 
Thiophosgene vap. abs, 253 
Three body collision 223, 237 
Ti fl. in AlaOa 630, 631, 647 
IT 

in crystal phosphors 533 
alkali halides 524, 526, 529, 548, 551, 
552, 554, 555, 564, 580, 581, 585- 
588, 617-621, 624 
Ca3(P04)2 629 
calcite 561 
flame fl. 96 

vap. fl. 33. 34, 37, 44, 50, 210-212, 

234 

pol. 68-71, 73, 77. 78 

qu. 115-118, 122 

sensitized 128, 129, 131, 132, 234, 

235 

Tl"^ complexion 

fl. 286, 322, 329, 330, 348. 349. 499, 
620 

TlCl 

cryst. fl. 627 
Ti-halides 

photodiss. 208, 210-212 
vap. fl. 188, 189 

Trn'^'^'^ in cryst. phosphor 472, 473, 478 
Tm-*^+ 

fl. 478, 665 
Toluene 

sol. fl. 334, 338, 406, 451 
vap. fl. 266, 268, 269, 275 
Tolunitrile 
sol. fl. 406 
Topaz 

fl. 640, 647 

Transferring collisions 98, 100, 108, 
129, 192, 196, 201, 204, 217.264, 
265 

cross section 194 
ef&ciency (yield) 194, 202 
Transition probability 3,4, 292, 296,297 
in atoms 43, 44, 106 

complex molecules 290, 317, 443, 
444 

diatomic molecules 148, 150, 183, 
240 

forbidden transitions 255, 257, 
317, 460 


Transmission pattern (diamond) 649 
Trap (ph.) 511, 513, 514, 542, 544-556, 
558, 564, 573, 578-580, 659 
depth 553, 554, 556, 557 
distribution 511, 514, 569, 573, 575, 
577, 581, 582 
Trimethylbenzene 
sol. fl. 334 
Triphenylmethane 
sol. fl. 334 

Triphenylmethane dyes 421, 422 
Triphenylmethyl (radical) sol. abs. 304 
fl. 422 

Triplet states (organic compounds) 
256, 257, 439, 440 
Troostite 
fl. 647 

Trypaflavine (sccriflavine) 

adsorbed fl. ph. 296, 334-336, 440, 
441, 443, 444 
cryst. fl. 398 

sol. fl. 296, 353, 372, 374, 375, 379, 
382, 392, 421-423 
vap. fl. 273 
Tungstat( s 

fl. 287, 498, 529, 634-637, 646 

U 

482, 485 

UFe 
fl. 494 

UOa++ ions 286, 391, 480 
in crystal phosphors 498, 636, 637 
in glass 377, 498 
UOj'*’'*' salts fl, 

cryst. fl. 294, 295, 303, 304, 308, 368, 
386-388, 480-494 
sol. fl. 317, 376, 494-497 
UO2SO4 17, 304, 319, 323, 330, 341, 
349, 351, 493, 495 
UO3 
fl. 494 

t7 -centers 624 
Ultrachromatography 410 
Umbelliferone 
sol. fl. 397, 416, 419 
M-process 528 
Uranin. See Fluorescein. 

Uranium minerals 646, 661 
Uranous salts 480 
Uric acid 
sol. ph. 456 
Urobilin 
fl. 428 
Uvarovite 
fl. 640, 647 
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V 

Van der Waals* force 93 

molecules 224-226, 230, 239 
Variable stars 34 

Vibrational energy 134, 157, 206,220, 
247, 278, 286 

frequency 261, 262, 304, 609, 642, 
652 

degrees of freedom 268 

levels 161, 165, 182, 191, 220, 249 

quanta 100, 174 

quantum number 134, 135, 152, 171, 
183 

Viola nthrene 
sol. fl. 410 

Virtual oscillator 7, 53, 80 
Viscosity (of sol.) 

fl. pol. 370-376. 378, 381, 386 
fl. qu. 326, 327, 340, 351 
Vitamin A fl. 428, 429 
Bi 428 

Bg fl. 362, 417, 428 
Volume fl. 50 
Vorspcctra 452, 453 


W 

Water fl. 500, 501 

of cryst. 465, 493, 503 
Water bands 220 
Wave function 1, 3, 134, 437 
Wave number vector 564 
Weardale fluorite fl. 661 
Werner bands 187 
Wide-angle interference 9, 390, 457 
Width of lines 7, 51, 52, 62, 78, 92, 94, 
109 

Wigner’s law 1 19 
Willemite 647 
Winaiid method 115 
Wing excitation (of Hgg) 227, 228, 230, 
231. 233 

Wurtzitc 519, 605 


X 

Xanthon 

sol. fl. 416, 419 
;r -bands (of dyes) 380 
Xe 
fl. 48 

X-ray pattern (diamond) 649 
phosphors 611, 612, 635 


Xylene 

cryst. fl. ph. 399, 452 
isomers 395 

sol. fl. 334, 338, 406, 451 
vap. fl. 266, 268, 269 


Y 


y-bands (of dyes) 380, 381 
Yb++ 

fl. 478, 479, 665, 668 
Yield 

fl. of cyanoplatinitcs 309, 316, 319, 
502, 504 
KCl(Tl) 586 

organic sol. 307-310, 313-321, 
324, 325, 334. 335, 338-341, 
344, 348, 350, 358, 360-363, 
374, 394-397. 400, 405, 407, 
409, 413, 430 
rare earths 321, 322 
uranyl salts 316, 317, 481, 495 
vap. acetone 256 
I 2 160 

ph. of cryst. phosphors 299, 582-591 

R. of He, Hg, Na 51 
Yttrium fluorite 661, 662 


Z 


Zeeman componemts 55, 69 
effect 

atoms 64, 68, 75. 81. 87 
diatomic vap. 203, 213 
emerald 645 
ruby 645 

Zero point energy 438 
Zn 

in CdSO^ ph. 633 
vap. fl. 44. 119, 1 :^ 5 , 130, 237 
R. 33, 58, 59, 64-66, 83, 120 
Zng vap. fl. 228, 235-237 
Zng-molecules 130 
Zn-complex ions fl. 322 
ZnH vap. fl. 219 
Zn-halides vap. fl. 276, 277 
photodiss. 277 

ZnO (^‘purc") fl. 501. 521, 565, 566, 
584, 607-609 
Zn-phosphors 

ZnAl204 632, 639, 640 
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ZnBA 530, 548, 567, 628, 029 
ZnGa204 632 
ZnMoO^ 635 
ZnglPO^la 628. 629 
ZnS 501, 517, 519, 521-523, 525- 
530, 538-545, 547, 550, 562. 564, 
565, 570-573. 579, 582-585, 590, 
597-599, 605, 606. 609 
Zn.CdS 558, 583, 584, 592. 597, 600> 
605, 608, 615 
ZnS.To 597 
Zn,CdS,Tc 597 


ZnaSiO^ 519, 521, 525, 530, 531, 538, 
541 , 547, 555, 557, 567, 569, 579. 
582-584. 611^16, 647 
(Zn,B(‘)aSi04 547, 555, 567, 583, 615, 
647 

ZnSiOg 611 
ZnSijOj 611 
ZnW04 635 

ZnS ("pure") fi. 501, 521, 539, 544. 

547, 565, 571, 573. 584, 606, 608, 609 
Zn,CdS (“pure'') 605, 606-608 
Zone theory of crystals 532 






